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ABSTRACT

The typical ASW helicopter mission is usually divided
into two distinct phases, navigation and controlled flight. ’
The navigation mode provides the pilot with his precise
location and the tlight profile to be flown. The sutopilot !
impleménts the steering commands and provides a dynamically
stable vehicle. This réport‘ provides a design which combines
both phases to provide a flight path control system. This !
system enables the pilot to complete the ASW mission with “
minimum amount of navigation effort and manual control. The
design provides the basis for a new concept in automatic
flight control.
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Glossary of Abbreviations and Symbols

A - Total acceleration vector as sensed during alignment.
The component of sensed acceleration as measured in thed/
reference frameé, along the 1 coordinate axis.

el s s
3
-
i

2
i Lhﬁﬂi}- The energy content of a distrubed sea (Neumann riotation)
A/D -  Analog-to-Digital Converter
ALT -~ Altitude

ASE - Automatic Stabilization Equipment

>
2

b e ML R

~Antil-Submarine Warfare

& & - Transition-to-~cruse distance

8ps ay : , '

U Gravitational mass attraction compensation components
; along the E, N, and U axes, respectively
1,
i E;, ai - Total acceleration and instantaneous acceleration,
;! respectively, along the i axis during E and A, where
! i = Xo, Yo, Zo, for moving bYage E & A.
Y . ‘
i s A - Total sensed acceleration
i
5 8,5 8, Transition acceleration command along x axis

o ot
ax’ ﬁy,
ag - Inertially derived accelerations along helicopter x,y,z
_ axes (used in flight path qalculationa).

g' b - Transition-to-hover distance
iﬁ .
j: BAR.AL?.- Barometric Altimeter
i
%g BCD - Binary Coded Decimal
i
%f BDHI - Bearing Distance Heading Inulcator
i BMI - Bearing Distance Heading Indicator

o ey % T
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Constant coefficent

Coarse Erection and Alignment

Circular Error Probability

CGoupler

Cyclic pitch of helicopter

Turn center-to-turn center distance

Arbitrary tracking distance

Digital to Analog Converter

Doppler - Inertial

Doppler

an earth fixed, rectangular (EFR), orthogonal, right
handed triad with the U, axis lying along the earth's
spin axis with the positive direction being from the
earth's center towards the north pcle, E, lies along
the intersection of the equatorial and Greenwich meridian
planes directed along the outward normal at zero longitude,
and N, completes the triad.

Longitude of origin of e,n grid.

Erection and Alignment

East - West

Earth Fixed
Earth Fixed Rectangular Coordinate System

Earth Fixed Spherical Coordinate System

local east, north, and up, respectively; an,érthogonal,

rectangular, right handed triad whose origin travels
with the craft; u lies along the local vertical, and

peti
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e,n are in the horizontal plane with e perpendicular to
the earth's polar axis, and pointing in an easterly
direction, n points towards the north pole.
Acceleration error quantity

eccentricity of the ellipse associated with the earth
model

Coordinates of end of transition to cruise

Coordinates of next dunk point

b}

Coordinates of b dunk point

Coordinates of present position at the start of the dunk
point-to-dunk point calculations

Coordinates of present position c¢n line AB at the start
of base-to-first dunk point calculations

Arbltrary point in tracking computation
Datum point coordinates
Coordinates of present position

Coordinates of first programmed turn; base-to-first
dunk point.

- Coordinates of start of turn toward next dunk point

Doppler-Inertial error quantity
Fine Erection and Alignment
Flip-Flop

Flight Path Controller
Gravitational field force

Acceleration of gravity

xiii

et o e o5



it

R Fanse

'
¢
\
e
H
¥

T2 s stz LT DT

he

Bhov o

np

‘o

Government. Furnished Equipment
Ground Speed & Irift Angle Indicator
Components of heading command

High power amplifier

Helicopter Reference Coordinate Systenm
Hamilton Standard

Altitude command

Cruise altitude

Hover.Altitude

-Genefal inertial &ariable

.Input Axis;‘Gyro °

Iﬁitial Coﬁdition Mode, Computer
411 other-compﬁtér modes
Identifiers, Computer Output
Inertial-RecEghgﬁlar Coordinate System
Inertial Spherical Coordinate System
Most Significant Digit

Mean Time Between Failure

No More -

North-South

See e,n

Sée ea
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Mok - See epk

‘ Dy - See ep
% ny - See e,
% ny - See ey o
? Ny - See e
% . n, - See ep o °
i . Ng - See eg .
; nt - See et:~ ‘
nm - nautical miles "-i...f"': ‘@ :;” F
OA ~ Output fxis,’ gyro .'-@ s Z )
PAM - Parts Per Million - = L |
PPR - Pragent Position Rectangular Coordinate Svstem
PIK - Pulse Torque Amplifier ) wa o
! . ° PTL - Position Tracking Loop o ’
L PISA - Pulse Tordue Servo Ampllfier -
; Q . - The error quantity between the actual east (e)
! : vector and the platform e
% Q ~ The error quantia;)betueen'the actual north (n) vector
v : ' and the. platform n. R
? Q, -~ The error éuantity between the actual vertical and the
. pletform vertical.
; | . R - Earth's Radius
? R -~ Range between successive.dunk points

PRI
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Rpg

SI-A
thru

N

Horizontal distance between the carrier roll axis and

the origin of the instrument exes.

Horizontal distance between carrier pitch axis and the
origin of the instrument axes.

Horizohtal distance between carrier yaw axis and the
origin of the instrument axes.

Vertical distance bhetween carrier rcll axis and the deck.

"Flight path turn radius

- Radiuvs of programmed coordinated turn

- The component of displacement, as measured in the

Inertial reference frame, along the E, N, or U axis.,

The component of displacement, as measured in the Earth
Fixed reference frame, along the P20 ,0r & axis.

Spin Axis, Gyro

Stabilization And Navigation Equipment
Strappeq Down Inertial Measurement Unit
Strapped-ﬁown

Spin Axis, Gyro

Switch one, wafer A through N

Helicopter Iift vector (used in flight path caleculations)
Tracking Computation (used in flight path calculations)

Time of one period of oscillation (used in navigation
calculations)

True Course and Distance Repeater indicator

Flight transition time
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Lecal vertical unit vector; see e.

Apparent average vertical unit vector

polar semi-diameter of earth model

Inertial velocity

the component of velocity, as measured in the j reference
frame, along the i coordinate axis as indicated by the
Doppler system

Cruise velocity command

Inertially derived velocities having Earth Fixed
coordinates

Velocity error

Veloclty error breakpoint; proportional - fixed accelera-
tion command.

Hover velocity command

True airspeed

Inertially derived airframe velocities

Vertical Gyro Indicator

the component of velocity, as measured in the J reference
frame, along the i coordinate axis as indicated by the
navigation system

with respect to

this coordinate system is fixed with respect to the
helicopter, it is a rectangular, orthogonal, right
handed tried with the X,Y,Z axes 1lying along the roll,
pitch, and yaw axes of the craft, respectively.

N
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-~ an inertial, rectangular, orthogonal right handed triad
that coin¢ides with the X,Y,Z frame at {he instant that

-

coarse erection begins.

this coordinate system represents the nonorthogonal

triads formed by the instrument input axes and are in

approximately the same orientation as the X,Y,Z system, note

that although the notation is the same, these represent

2 sets of input axes, 1 for the gyros & 1 for accel.

Triad representing the Dopéler‘gxes N
Ship (carrier) longitudinal .axis
Transmitting '

Wind based céordinate system
Carrier surge acceleration
- See X

See X,

Carrier §way acceleration .

See X' - .

See X

See X

See X, .

Carrier heave gccelératibn‘”

See X!

See X"

Flight path turning angie
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- Arbitrarily small angle for tracking err (used in
flight path calculations)

- an earth fixed, spherical set of coordinates, where P is
the distance from the origin of the E,, system to
the origin of the X,Y,Z system, & is longgtude measured
positive in an easterly direction from Ey, and A . is
the geocentric latitude.

- inertial longitude; equal to " + W, T -

A differential quantity

Arbitrarily small range for distance tracking (used in
flight path calculations)

°Arbitrary' phase angles

- Arbitrary phase angles

-"The angle between n and X, measured positive in clock- )
- wise direction from™, whére Xy is the horizontal pro-
Jection of the X axis.

- The angle betweerd n and X"!', measured pbsitive in clog'xk'-' o

wise direction from n.

- a set of-Eulerian angles relating X,Y,Z2 to e,n,u with the .
rotations taken about Y,Z,X in the ordere Z, ¢ respectively.

-~ Pitch angle of helicopter when used in flight path '
calculations.

~ Ship (carrier) roll angle (used in navigation calculations)
- Geocentric latitude; see o7 . . .

- an earth fixed spherieal coordinate; it is the geodetic:
latitude, used with » and ¥ .

" - Frequency of wave encounter.

N
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Bearing to nest target point of flight path

Varying earth radius

“initial earth radius as célbuleted'fromuearth'ﬁcﬁél

Wind vector, average
Wind direction, avérage
Wind magnitude, instantaneous

Instau%anoouc and average w1nd magnitude in e direction

.0

Instantaneous and average wind magnitude in n direction
respectively. ' W

Average w1nd magnltude

Deviation from wind direction ‘at dunk point

- Bounding value of a I

Heli cop+er roll angle (used in flight path calculatlons)

Ship (carrler) pitch angle when used in navigation
calculatiﬁns ‘

Yaw, or heading angle of helicopter when ‘used in flight
path calculations. .

Heading command

Heading error

Ship (carrier) yaw angle when used 1n navigation cal-
culations

The inertial angular rate of the earth
the inertial angular rate of the earth

Damped resonant frequency
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i Wn ~ Natural resonant freguency

q Wi ~ the sensed angular rate, as measured in the inertial

; reference frame, along the i axis
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3 W}_c - W{ after dynamic compensation

7 Awi - angular rate error signal for i axis for dynamic compensa-
‘ tions
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INTRODUCTION

1.0

1,1

General

1.2

This design study, in response to Bureau of Naval Weapons
Contract No, NOW62-0873-D, has proceeded on the assumption that
continued energetic development and production of Antisubmarine
Weapon Systems are required to counter the potential threat of
submarine attack on merchant convoys, naval task groups,
amphibioup forces, and on the continental United States. Also,
this design study provides the ground work for developmeat and
production of weapons systems in related applications such as;
assault systems, logistical support, interdiction, obsérvation,
and other applications related to the helicopter/VSTOL Aircraft.

Sezlection of Aircraft

1.3

The design presented hereiIn, has been oriented to the
installation of an air-worthy breadboard on the SH-3A weapons
system, This weapons system was selected for the following
reasons :

a., It is presently an operational ship based airborne weapons
system with known capabilities,

b. This vehicle utilizes the automatic stabilization equipment,
manufactured by Hamilton Standard Electronics Department.

c. The SH-3A operational requirements provide for ample design
goals in both the navigational and flight control modes of
operation,

d. The pilot and crew fatigue encountered on typical ASW missions,

justify greatly the concept. of automatic flight path control.

e, The system is produced by Sikorsky Aircraft, a Diviaion of
United Aircraft. -

Flight Path Concept

The concept of a flight path is not new. Its application
to low speed helicopter/VTOL aircraft requires that we modify
our thinking in order to clearly visualize the problems related
to their flight characteristics and mission profiles.

1-1
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Land Operation

Normally any aircraft designated to fly from one station to
another will fly a specific flight plan. A precise flight path
may readily be defined, with the knowledge of the exact runway
that is to be used and what approach patiern best suits the
aircraft characteristics. The landing or takeoff heading is
defined by necessity, and the approach or climbout by standard
procedures. It may be concluded that a precisely defined altltude
profile, and position profile, may be generated to specify a .
flight path between two runways fixed on the earth. otrategically
located navigational aids, now in use, may provide flight path
crosschecks during critical phases of the flight.

“ASW Utilization'

. The SH-3A ASW mission profile is not defined at'aﬁy given

" instant during dipping operations. The short range between

transitions, and variable wind direction, create problems not

‘encountered during land based operations. The transition heading,

. both to and from hover, may be conveniently defined as a line in
.’ space which rotates about a specific point on the ocean. The
direction, at any given instant, depends upon wind directicn,

Safety of flight procedures dictate that cross wind transitions

‘of greater bhan ten degrees are undesirable.

The fllght path defined in this report attempts to take into

faccount the problems of short flight distances. and variable wind
directions. It should be noted that system limitations exist,

due in part to the GFE systems available, and the limited authority

"of the SH-3A control system. However, the system has capavilities

; which may be extended with minimum support equipment development.
.7 Briefly; the equipment which requires improvement, not only for
: .‘flight path control, but for all modes of operation: .

a. ”Altlmeter (Radar and barometric)
b, Trve airspeed system
¢. Autopilot system (extended authority and couplers)

'}.i'd. Doppler accuracy

. e, Power management control

°

Ot .Navigational displays (plotters and 1ndicators)

e o e
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FPC Description Reference SK52217

The Flight Path Control is an integrated navigation and
stabilization system for helicopters. It incorporates a strapped

down inertial navigation system which obtains vehicle acceleration

and angular rates from six body mounted accelerometers and gyros.
The acceleration and angular rate signals are supplied to a
digital computer which resolves the acceleration information into
an inertial coordinate reference frame. The digital computer
double integrates the acceleration to generate a continuous .
indication of position in inertlial space. The position of the.
helicopter 1s converted from inertial coordinates to present
position earth fixed latitude and longitude. The strapped down
inertial system is aided by doppler velocity signals which are
used to erect ena-align the system'on a moving base.

The FPC contalns a stored flight plan which when compared
®to the present position of the helicopter generates command
signals tq; automatically "fly" the vehicle to its preprogrammed

- destination. These command signals are applied through a modified

SH-3 Helicopter Automatjic Stabilization Equipment autopilot to
actuate the control surfaces. .
. [} ‘

The FPC can be overrlden at anytime by the pilot who can "
command a flight in any manner. The. FPC can be reprogrammed to .
a limited -extent in the air. . The system is capable of storing
-sevéral flight plans which can be selected by the pilot, A~

- completely new flight program can be inserted into the: computer )

"57

by modifying the program on the flight line.x
A Brief Descriptlon of the . FPC Performance Features are:

l. Prior to takeoff d serles of manual iriputs must be inserted
into the FPC. . The: coarse erection and alignment of the inertial.

qdnavigattpn -system w111 ‘be- performed. The pilot will manually -
"take off ‘and fly the helicopter to cruise altitude and then

initiate the FPC, " The FPC will perform fine erection and align-r
ment of the strapped down system.

2. The-FPC will compute the wind velocity, the.flight path and
distance to the first dunk point. It will fly the helicopter at
a constant speed down wind of the dunk point and then fly a
transition to hover at the dunk point.

3. When the first dunk point is achieved, the pilot w111 insert
position fix data to update his inertial navigation system., The
computer will determine the flight path to the next dunk point.

The take-off from hover will be initiated by the pilot and will

be automatically flown,

et el . s 43 s
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W

A series of pilot option buttons have been incorporated to
enable the pilut to modify his flight path while under automatic
flight., The optlon selected will be acted upon during automatic
flight except during transitions to and from hover, and during
the initial portion of the flight to the first dunk. One option
will be accepted by the compnter at any given instant, If an
ontion is selected during a transiticn, only the last option will
hecome effective when either the "“"prepare for takeoff" 1y presscd
or the first point after takeoff is reached.

Tne following options are available for use during automatic
flight: .
a, Skip one dunk
b, Skip two dunks
¢. Skip three dunks
d. Fly to new dunk point
e. Compute new pattern(based upon new point)

The fliipght to the first dunk is unique because no wind infor-
mation exists during the initial phase of flight, The FPC wind
direction computation relies upon spproximately 30% of the range
to the first dunk point to sum up wind components. During this
portion of the flight, a pilot option will not be acted upon,
However, when the vehicle reaches a point which is .7 the digtance
vo the dunk point, the last option selected will becomz effective.
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SUMMARY

The summary 1s composed of three sections; a report
scope which describes the contents of the reporti, o
conclusion which definen the results of the design
study, and a statement of completed task which defines
the work completed.

Scope _of Report

This report describes the analysis and design of
a helicopter guidance system known as a Flight Path
Control (FPC), The FPC integrates a strapped down
inerti al navigation ¢ mcept to indicate the helicopter
position and a deit 1y commanded autoplilot to signal
the helicopter control surfaces to gulde it on a pre-
programed or pllot commanded flight path.

The report discusses the detailed design. The strapped

~ down inertial navigation is detailed which iricludes a

description of the basic computational frame of referemnce,

" and .3 proposed method of erection and alignment on a

moving base., A detailed description of the Inertial
Measurement System; the inertial instruments, gyros
and ‘accelerometers, the pulse btorque amplifier, the incr-
tial instrument packare and the Insgtrument calibration
pr‘oc:ec!ur'rw is provided. '

‘The bagic flight path concepts including,the
flignt poth caleulations, implementation and control
electronis~, ore defined.

The digital system sirmulation, digital computer
ewecificatfon, input-output intzrface design and computer
program are summarizad,

An insight 18 provided into the system and component
errors and the sensor cost reduction trade-off study.
The flight test power supply and electronics packages
are described. Also defined are the GFE instruments,

It was necesssry to limit the amount of detail
presented in this repart. Therefore, some subjects
are discussed in summary form and others which were details
having no specific bearing on conclusicns are omitted
entirely. '
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Desipn Conelusions

The FPC desipn has resulted in a gystem which will
automatically maneuver an ASW helicopter through a
preprogrammed f1ight path Including Lransitions to and
from hover. The over-all analysis and design can be -
separated into subsystems which are discussed below.

Navipation System

The basiec strapped down navigation computations
wlll be performed in the inertial frame of reference
using an ellipsoid of revolution as an earth model with
a homogenous gravitational field. There will be two
modes of erection and alignment, cousvse and fine. The -
coarse ehection and alipnment w1l be performed for. . =
three minutes on the carrier deck. It will use self-
contained accelerometer data for evection, and, externa’l '
ships heading for alignment. The. £ins erecction. ‘and’
alignment will be performed in the air using external B
doppler velocity and earth's rate damping. .2 The total =
erection and alignment time will be 15 to 30" minubes o
dapending on ‘rho mmnitudn of 'ohe initial and sustained,j,
epYTOrs, g ,

The position nrrore. ace umulated by tne strapped down
navigation were f'omputed based on- typical present day
’E’act‘lcal limitations. The main source”of position errc
is the innrtial gyro drift rate shift which‘can be :

W17 /”r , . , Ca

The gfro drift rate shift is. cancoled qiuring fine - .
erection and aliznment ., It is estimated that a'2.5 nautical
‘dle (Moot Sum Square) positicn error wiil be ‘accumulated
during the firsc hour of the test flight.. There will be &
1,5 nautical mile (RSS) error during cach howr of fllght
test iIn a pure inertial mode.

Inertial Measurement System (IMS)

The inertial measwrement system 13 the heart of the
gimbal-less inertial navigation system. The performance
of the inertial instruments, sinple degree of freedom
gyrog md accelerometers are the limlting influence in
the position error. The FPC position requirements dictaste
the use of a ,015°/hr. gyro te yicld a 1.5 nautical mile
C.EII)'
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The acceleromrters :ed for the FFC ave exdisting
units with readily obtainable requirements. The accelero-
meter dynamic range extends from 1077g threshold to
2.5¢ maximum input.

The pulse torque amplifiers used in conjunction with
the gyros and accelerometers generate digitallized data
(serial pulse train) which is a direct indication of
angular rate and acceleration. These pulse torque
amplifiers are a specialized digital to aralog convertor.
The pulse torgquec amplifier has a scale factor sctability
of one part in 100,000 and an Wias ctability of one part
in a million. It ie designed to operate at 130°F * 5°F with
the output bridge regulated to 150°F ¢ .1°F to achieve
these stability criteria,

A detal!l calibration procedure hes been derived to
define the instrument characteristics such as bias, scale
factor and orthogonality. The precedure requires the
rotation of the inertial package through verious orienta-
tions and angular rates and the the appropriaté parameters
are computed, -

2 -301id conduction inertial package was dedigned
to contain the gyros and gccelerometers . Its special
featurvs include a control to regulatle the temperature
across the instrurents to t .1°F, a weight of 11 pounds,

_ease of calibration and simplicity of design.

~Flight Path vontrol

The FIC contains a computer controiled autopilot

designed to pilot the helicopter automatically through

a wlde variecty of ASW patterns. The FPC will calculate
each successive dunk point in a pattern centered on the
search datum, and maneuver the vehicle over each dunk
point in turn.

The basic unitc of the system are:

1. The Dunk Pattern and Flight Path Computer,
which accepts inputs from the pilot and naviga-
tion mection, gensrates and routes digital
comnands,

The Analog Command Jenerators which develop the
analog command signals,

h\
.
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3. A modified Automatic Stabilization Equipmerit,
which provides both implementation of the
maneuvers and maintains the vehicle in a djnamically
stable mode.

The FPC will function in an ASW pattern with a
mininmum range of 5,000 yards between successive dunk
points, a crulse velocity between 60 and 100 knots,

a hovering altitude of 20 to 100 feet and a cruise
altitude between 100 and 200 feet. Velocities above
100 knots are possible but the minimum range (5,000
yards) between dunk points must be increased to allow
sutficient maneuvering room.

The FPC will automatically command and maintain
various flight modes such as:

1., A constant cruise velocity,

2. Level flight at mreselected altitude.

3. A predetermined fixed distance transistion
to hover from cruise.

L. A transition from hover to cruise.

5. A coordinmated turn.

6, Homing on a preselected point.

Through the blending of navigational, computational,
and autopilot functions, it is possible to provide a wide
range of pllot options and overriding capabilitiles, thus
enabling the pilot to skip dunk points, leave and re-enter
the pattern at any time, or tc start a new pattern centered
on a datum point of his choice. Upon leaving the pattern,
the pilot my insert a selected point in the FPC and be
flown automatically to this point, terminsting in a hover
over it,

Much of the flexibility in the progr:m stems from
the fact that the pattern is realized by homing on success-
ive points rather than by dead reckoning methods. Also,
the sgystem operates at low authority levels, consistent
with automaticsaflight practices; this gives the pilot
ultimate control over the vehicle at all times. Finally,
pilot opinion has been ,a prime factor in all design con-
siderations; automatic maneuvers were designed to duplicate,
as nearly as possible existing manual ASW maneuvers.
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Digital Equipment Design

The dipgital simulation studies indicate that a
high speed, parallel word dipgital computer will be
required to resolve the stfapped down zystem equallons.
I+ should have a L09 word memory capacity with a word
length of 30 blts (29 bit plus a sign bit), The
operation times shall be

Addition -~ less than 24 microseconds
including access time

Multiplciation -~ less than 150 microseconds

+sith the time a3 small as possible. Thc digltal computer
must perform fourth order Runge-Kutta integration to
minim ze dynamic errors. The iteration time will be.
200 milliseconds. The channelized digital systemwas
compared to a centralized processing unit to perform the
digital coupler functions. The central processing unit
is the best approach because it results in less hardware
becauge of its asbllity to time-share compu tation. The
analog, coup]r—r is used in thc system since it was in exist-
ence and requlred no design. The digital input-output
interface was designed. The data input-output nperates
under direct authority of the cOmputer in a synchronous :
mode,

General Systems Design

The usc of Lhe inertial navigaticn sensors to provide
stability augmentation’ sis—xals to the autopilol will result
in a cost reduction when ccmpred to-a sysem containing
bot'| inertial and autopilot sensnra, The reliability will
be slightly improved because several of the ana]og sensors
are retained for redundancy.

The flight test power supp.y will consist of three
commercial DC supplies, two integral DC supplies and a
400 cps A. C. supply. :

The electrmics package will consist of gix
commercial type conscles and a piloi's control panel.
The combined welght of the faur items will be approximately
550 pounds.



Statement of Task Completion

HamiTton Standard Electronics Depertment has designed

an integrated flight path control system in fulfillment of
Bureau of Naval Weapons Contract Number NOW 62-0873D,

In accordance with the Statement of Work dated

March 9, 1961, HSED has accomplished the following:

1.

A four-channel autopilot system has been designed

by modifying the existing SH-3A Automatic Stabiliza-
tion Equipment. The coupler functims are an integrated
part of this hardware.

A serins of digital sipgnal s are available for display
of airecraft performance.

The tle- in to government furnished equipment has b“een .

rnviewed and adapters desipgned where necessary.....

A sensor cost reduction trade of £ study was peri‘ormed
The relative advantages of analog, dlannelized digitai
and centralized digital implement ation of the couplor

functions have been determined,

A detailed: investigation of the doppler radar and radar:
altimeter was performed. All other existing GFE .-

equipment will presently neet the perfomance objectives R

and was nnt ctudied,
This report covers the deulgn ol the fl ghu tr st bmad-—

board,
®
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This section defines the desipn effort which provides for an
integration of a "atrapped-down! inertial navigation aystem, and
a flight path control system. The major design efforts are
a. Navipgation system, which includes erection and alignment.

b. Inertial measurement system.
c. Flight path control design.
d. Tigital computer and associated equipment.

e. General systems design including the éystem error analysis.

3.G DET~LL DESIGN

tabulated as follows:
3.1 Nav1gation Syotﬂm
3.1.1 ‘Introduction

The task of directing one's course from one location to
another, through calculations using position, velocity, and

" acceleration is divided into two functions; one function, commonly

referred to as navigation, deals with the necessary wvaléulations
to determine one's instantaneous position and the second function
is the directing anA is called guidance or control. This secticn
of the report deals only with the navigation portion of the above
task, 'i.e. the calenlations and related equatlons necessary to

' determine one's location at any time after the flight has begun.

Includel 32 a description of the alignment procedure on a
moving base aand the calculations uecesesary for an inertlal
navigation system mechanized by a digltal cemputer and lnertial
sensors which are mommted in a fixed orientation within the heli-
copter, i.e. a "strapped down'" inertial navigation system, (The
alignment procedure on a fixed base is alsc included.) - The strapped
down navigation system departs from the present state of inertlal
navigation systems in that a stable platform is not required because

~ the resolution of acceleration from the accelerometer axes to the

space integration (computation) axes is performed by the digital
cemputer.

The "strapped-down" system 1s aligned and erected to a
computational reference frame that is defined by the earth's
geometrical model,

It is gcnerally realized that complexity of the basic navi-
gation calculations (those calculations that are necessary assuming
perfect conditions) must be significantly increased due to non-ideal
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inputs and instruments; hence, considerable attention will be
given to developing the proposed navigation formulation from the
basic system in order to compensate for anticipated errors from
various sources.

Design Conclusions

Because of the inherent non-linear characteristics of a
digitally controlled fixed-frame inertial guidance system, normal
servo techniques do not provide a valid dymamic analysis of the
system processes. The ablility of the proposed system to perform
a3 stated 1s, therefore, contingent on the verification of the
design hypothesis by either digital simulation or actual flight
testa, .

The priﬁary conclusions that resulted from the study of the
navigation requirements of the FPC considering tactical and
accuracy specifications are:

1. Navigation computations will be performed in the inertial
reference frame. )

2. An ellipsoid of revolution will be used as the earth model
with a gravitatipnal field based on a homogeneously
distributed mass within.

3. Coarge erection and alignment of the system on the carrier
deck will be performed using inertial sensor derived gravity
components with external heading and present position
information,

L. Fine erection and alignment in air will be performed using
external doppler velocity information and earth's rate.

S. The total erection and alignment time will be 15 to 30
minutes depending on the magnitude of initial condition
errors,

6. The gyro drift components will be compensated through the
use of doppler velocity information and an internally
generated earth rate signal in a gyro feedback loop,

Selection of Computational Frame of Reference

The choice of the reference frame in which the sensed
accelerations are to be expressed to enable their integration
for the determination of position was restricted to two frames
(1) an inertial frame and (2) & present position frame (one
related to the instantaneous location of the craft in earth
coordinates). Other conceivable reference frames were not
considered at length because they seemed to contain fewer
advantages than the two proposed frames. Specifically, the two
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frames considered were an inertial frame centered at the center
of the earth model chosen (hence it is implicity assumed that
the earth's center is moving in a straight line{ and a present
position frame whose coordinates are "latitude, longitude, -and
distance from the center of the earth model.

The obvious advantage of the inertial frame is that once the
sensed accelerations are properly resolved and gravitational
attraction compensation has been accomplished then there exists
a linear relationship between the true acceleration along a given
axis and the displacement along the same axis, This conditican
does not hold for the present position in that due to its relative
motion with respect to an inertial frame products of the unknown

" quantities appear; hence, the roquired integrations become- much
- more complex.

A major disadvantage of the inertial frame is that a somewhat
"complicated calculation is necessary to determine the proper
gravitational attraction compensation for each acceleration

" component, However, for the present position reference frame. it
might be possible té eliminate the need of using gravitational

attraction compensation by eliminating the need of the acceleration
along the axis containing the gravitational attraction. This

. would be accomplished by duplicating the procedure of a stable

platferm type of navigation system; thus; only the horizontal

_acceleration components would be used and either an external

altitude reference or the assumption that. the flight would take

. place'on the earth's surface would necessarily be involved.

It was first thought that the present positlon schemo would

‘be inherently more accurate than the inertial; however, upon

~!'closer‘exam1nation, it was decided that this was incorrect.,

3‘.1.'h'

" Therefore, because of the much less complicated integration that

is necessary and because the. total number of calculations appears
to be gmaller, the inertial frame has been chusen as the frame

. in which the position integrations shall be accomplished.

Deécription of Basic Naiigation System

In this réport the Ybasic navigation system" is the

" terminology used to describe the calculations that would be

necessary if there were no error sources; i.e. perfect instruments,
perfect knowledge of initial conditions, perfect integrationms,

and many others, The following figure (Fig.3) shows those
operations that are essential for navigation using only measure-
ments of acceleration.and angular rates.

T LT
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3.1.L {Continued)

The diagram is intended to be self-explanatory but a short
description does not seem superfluous. The angular rate and
sensed acceleration (true acceleration plus gravitational attrac-
tion) are sensed by two orthogonal arrays of instruments parallel
10 one another (gyros and accelercmeters); thus, the angular rates
and sensed accelerations are indicated by the vectorial sum of
their respective components. The angular rate components are then
used to obtain the solutions of a set of integral equations relating
orientation of the instrument coordinate (XYZ) system to inertial
(ENU) coordinate systems, viz, the direction cosines between the
two systems, These direction cosines then become the inputs to the
box labeled "Base Motion Isolation". The function of Base Motion
Isolation is to reflect the sensed accelerations from the frame of
the instruments (XYZ) to the inertial coordinate system (ENU),
i.e., it is a matrix multiplication used to resolve the sensed
accelerations into the coordinate frame in which the integrations
will be done, Now that the sensed accelerations are in the ENU
frame, the component due to gravitational attraction is removed
prior to integration; the resulting signal represents the inertial
acceleration %or true acceleration) of the craft. As can be seen
from Figure 3 the gravitational attrattion compensation is a

function of the inertial position coordinates, The true acceleration

is now integrated once to obtain inertial velocity and then a second
time to yield the inertial position coordinates of the helicopter.
As stated previously these inertial coordinates are used to
calculate the gravitational attraction compensation; they are also
operated on to produce the corresponding position information in

map coordinates.

The remaining portions of this section (3.1) shall be directed

towards a more specific discussion of the proposed navigation
system,

U
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Erection-and‘Alignment
General Description

The erection and alignment process of a fixed-frame
inertial guidance system yields the initial values of the
direction cosines that relste the system instrument axes
to the é¢omputational axes, i.e., provides accurate knowledge
of the instrument axes orientation in the computational
reférence frame, Since the computational frame is coinci~
dent with the physical geometric reference (the Hayford
ellipsoid of revolution), the required information is ob-~ .
tained through the measurement and mathematical .resolution
of physical quantities. Reference to Figure 3 will show
that the erection and alignment process must provide the
instantaneous relationship between: the system instrument .
axes, which may be at any attitude. near- the surface ‘of the
earth, and the earth centered inertial reference frame.

For a fixed base system,,this relationship ig- derived

b. in-'a two-step procéss which utilizes ‘¢raft latitude and lorg-

"' titude to define the location of the present position coordinates

':51. with respect to the inertia1 reference frame,-and accelerometer
. and gyro outputs to define ‘the . orientation of..the instrument

axes with respect to the" present pos'tion coordinates.

The second step accomplishes the same results as erectinga

and aligning a platform system to a local vertical-local north -

reference, This step is.performed-in a; inertial system (on a
fixed base) by direct measurement of: gravity and earth's’ rate.

"~ In the general case, the relative magnitude of’ the gravity :

. components sensed by each dccélerometer allow.the’ determina-’_
.tion of the direction cosines: between the instrument axes and -

" the local verticall The outputs of ‘the accelerometers and

gyros are used,- together with' the knowledge that there is no .
earth rate component along the local east vector, to generate a
the other six direction cosines. defining the spatial relation-
ship between the instrument axes and the local north-local
east axes.

In the. absence of external disturbances, neasurement
accuracies in the order €1 x 10~k g are possible with available
accelerometers. Earth rate component information may be
obtained %o the zero drift tolerances of state-of-the-art rate
gyros, approximately .01°/hr. Physical measurements with'
these accuracies permit-ereétion and alignment of inertial
guidance system to within 30 seconds of vertical and 5 mili
radims of true north within several minutes,

3-6
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_these effects with a disturbed sea and accurate alignment of ~ '

. yielding steady acceleration components which prevent accurate

HSER2653

Environmental conditions aboard medium weight carriers,

It is intended that the Flight Path Control be used on
aircraft carrler based helicopters, The condition found on
a ship at sea are far from ideal for the erection and alignment
of an inertial navigation system, platform or fixed-frame.
A ship underway on a calm sea is subject to the random motions
resulting from normal maneuvers as well as the low frequency
perturbations that result from inexact steering (helmsman
wander)., Given sufficient time, periodic motions may be
filtered to any desired magnitude, minimizing their effect
on the alignment process, The effects of non-periodic motions
due to turns, acceleration, deceleration, etc. camnot be
completely eliminated by filtering since a steady offset of
the output quantity results, yielding erroneous component
information to the erection and aligmment system. Compound

an inertial system on the flight deck becomes difficult,

The repetitive pitching and rolling motions induced by
the sea cause centripetal accelerations at all locations on .
the ship other than the center of rotation. These accelerations,
proportional to sine? and/or cosine2, are unidirectional

determination of the local gravity vector position and magni- R 'j

‘tude by accelerometer measurements or closed loop leveling

techniques. "Because of the tight coupling between the erection
and alignment modes, the resulting errors in leveling define
the minimum limits of aligmnment accuracy.

Consider the separate acceleration components that are
sensed by an accelerometer mounted’ on the flight deck of a
carrier parallel to the longitudinal axis. In the general
case, the accelerometer will be displaced from the ship's
centers of rotation both vertically and horizontally resulting
in crosq—noupling due ‘to pitch, roll, and yaw.

The output of this accelerometer is composed.of:

. ! o]
1,. Longitudinal acceleration modified by pitch and yaw angles.
2. Gravity component variation due to pitch and roll angles.
3. Centripetal acceleration due to pitching modified by
yaw angle.
L. Centripetal acceleration due to yaw accelerations modified
by pitch and roll angles,

-
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5. Centripetal acceleration due to roll while the ship is pitched.
6. Tangential scceleration due to yaw rates. '
7. Tangential acceleration due to pitching and rolling.

Using the relationship's defined in Figure L, the accelera-
tions sensed by the longitudinal accelerometer in the sensor
package are: . .

a Long= X“cos!’ cos Y sin"” -2 sinf -g sinf
4 2\% o =l
b o T . '%Rp ‘-;Ryz ;2%31n[.tan I_tE/RyQJ cos4:
L el v+ W (RpTHRry®)”  cos [tan Rp/Rrp ] costp
. . o et P 1 _
SR (Ry2+Rr12)12 sin Ctan 1 Ry/erj cos ¥
2 o 2\% -
' -,-& (Ry“+Rry )? cos[tan™ Ry/Rri] cosY¥
L g 1 - : 1 _
Y +[;0(Ry2+Rp2):-"isin(tan lRp/Ry)+927(Ry§+Rp2)icos(tan lRp/Ry)jsin‘f
_ -E_Q(RXZ+Rp2 )2cos (tan'lRp/Ry‘)+é2'(Ry '~x~‘Rp2 )§sin(tan-lRp/Ry)] sin¥

: R . It will be noted that the sixth (6th) and eighth (8th)
; ' .. . terms are always positive, independent of ships motions while
. .- SR .the remaining terms change sign with each craft oscillation.
% o S It is "the positive terms in this expression that prevent
' ‘ accurate determination of the gravity-derived signals using
" filtering techniques. For operation on a medium weight carrier
" . in a state 5 sea, typical values of craft motions are:

. Piteh = - - 4)= .06 rad [sin_(.St+£¢ ]
JRell - | = .082 rad [[sin(.L5tg)]
; Yaw . - W= .026 rad Esin(.OSf;%r)]

... Heave accelerations

i
[aN]
]

.Shi‘t/secz[.si'n(.mmé'_ﬂ
>".'Si_1r'g_e accelerations X = .hOft/seczfsin(m éx )J

"+ Ssay accelerations I - .6Oft/sec2[sin(.6t+éy)]

'_.Ty'pical values of the distances shown are:

g o ' : Ry = 80 ft.
A , ' Rry- LlLo ft.
' Lrp= 100 ft.

: Rp = 50 ft.

= i 5 A g
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Yaw

Axis  Sensor

# | Package
T
I 1 X
R ! R 1 Ry

L fj_ L S r,—»_l__ R Roll

|

f‘-—xﬂ - T s
[ '

Roll
________ xis —

0 Re

Figure L
Definition of relationships between sensor package location and
centers of rotation of aircraft carrier.
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The resulting expression for the output of the longitudinal
accelerometer, using small angls approximations, is then:

'éLong hOsin(t-;-é“ ) + .6 sin(. 6t*§l )E0?6 sin(, 05t+é¥)]

-.5k sin(. h7t+{i' )[.oue sin(."t+€ )]~ 32,2[,0l6 sin(, 5t+i$¢)]
+:65x107s1n(, osw;,,)(nz)( Lu6)+(.13x10™ ) 2cos2( . 05t4y) (112)(.89)
-.0135 sin(.5 é(,)\m;é)( 182)
~(.027)? cos’(.5tegy )(16)(.98L)
+[-.016651n(. 15t485) (91.2)(.53)+(.0379) 20052 (Li5 L+Bg) (.BB) (91,2
(.06 sin{Stwé b
-[+.016651n(.)i5t486) (911.2)1 aua)+( 0369)%cos2(, 1Sbed) (.53)(9N.2)]
(.026 sin{. nst+¢ )
Assuming all phase angles equal zero and calculating the
r.m.8. magniludes, Lhe separate componentu of the accclcration
are approximately:

'éL ¥+ 4t J0156%.02L8 % 1.18 .0032k + .000169
ong L

£ 1,08 - L3217 .036 £ .005 % .03L5 F 00176 (£t/sec?)

The two terms of non-varying 31gn have magnitudes of
+.00169 ft/sec” and - .321 ft/sec.2, The first of these due
to yaw rates, is insignificant when compared Lo the second
which is causcd hy the pitching excursions of the ship..
Centripetal acccle“ation compounent? of this magnitude cause
approximately a 0.5° error in system erection,

Similar cross-coupling terms of non-varying sign are
present in the outputs of the vertical and lateral accelero-
meters mounted in the sensor package at the same location.
For this reason, any purely inertial system located at unspe-
cified locations on the deck of a ship to be erected only by
open or closed loop filtering techniques will seek a posilion
determined by the average-apparent vertical not the true ‘
vertical. This will introduce large errcrs in the system
erection and alignment which will be present even if the
ship is steaming at a truly constant heading and velocity
in a disturbed sea.

The results of the ahova derivation, based on a discrete

frequency representation of a ship's motions is complicated
by the fact that disturbed seas which cause these motions

3-10
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actually occur as a spectrum with energy distribution cover-

ing a broad frequency band.

The center point and shape of

this spectrum vary with wind velocity, duration and fetch.
For any one set of wind conditions, this spectrum as viewed
from a moving vessel changes in frequency range and contour
for each ship's velocity and heading (head sea, beam sea,
quartering sea, following sea, etc,) due to the varying

frequency of encounter,

The most widely accepted representation of sea conditions
is ‘that generated by Neuman et. al. which is based on the
hypothesis that a seaway is composed of an infinite number
of wave systems which vary in frequency and direction of
travel, The sea state representation is expressed as a power
spectral density based on a fully developed sea as determined
by measurements at a fixed point. The spectrum for a state 3
sea, given in Figure 5 can be expressed by the relationshlp'

[A(W)]z = (c/w?) o-2s/vEE
(a2

where

..C

W

-8

v .

is
is
‘ is

is
in

‘is

the energy spectrum in £t.2 sec.
a constaﬁt
the wave frequency in rad/sed
the accelerations of gravity
ft/sec.2

® . . '
the wind velocity ft/sec. ‘

Because w is given as wave freduency at a fixed point, it
must be modified to reflect the ship's velocity and heading.

Since w = ke

end v = K(V ¢

C) for head or following seas

where v is the frequency of encounter in rad/sec
v is the ship's velocity in ft/sec,
is the wave clerity in ft/sec,

c

-V
then ; p

and v = (g

*

1

1w
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The Neumsnnspectrum may therefore be recalculated replacing
v for W for each velocity condition desired. Figure 6 shows
the resulting spectrum as it affects the longitudinal axis
of the ship spectrum for a velocity of 35 kts in a following
sea. As would be expected the peak energy is concentrated
at a much lower frequency with a decrezse in the over-all
spectral density. Bringing the ship about at the same velocity
would cause the spectrum of encounter to shift upward in
frequency to its fixed point configuration at the beam sea
condition and shift to a much higher frequency as the ship
moves through the quartering sea to a head sea condition,

It is therefore possible, and probable, for the encounter
spectrum of a given sea state to contain high frequency wave
disturbances or wave disturbances with periods approaching
that of a Schuler tuned system (T 8lL.L minutes), These
may well occur in low sea states when all tactical operations
are possible and therefore must be considered in the design
of an erection and alignment system,

The energy distribution of these widely varying wave
forcing functions is modified by the inherent dynamics of the
operations ship resulting in peak snergy concentrations for
pitch and roll angies, and heave, surge, and sway accelerations
(Figure 7). The corresponding crafts motions and acceleration
in these axes are therefore greatest near the peak energy points
with reduced magnitude at higher and lower frequencies.

Of primary concern are the low frequency components which
are the most difficult to attenuate through filtering techniques
because of the long averaging times required, The spectra of
ship motions and accelerations, corresponding to the energy
spectra of Figure 7, are shown in Figure 8., For the sea state,
ship velocity, and heading conditions which existed when these
measurements were made, the significant perturbations occurred
between .3 rad/sec and 2 rad/sec. For other environmental
conditions significant disturbances may be expected to range
between O.1 rad/sec and l rad/sec. Since the period of oscil-
lation corresponiing to 0.1 rad/sec is 62 sec., an averaging
time period of approximately 600 sec (10 minutes) will be
required to attenuate this to one tenth of its value.

The effect of ship's dynamics about the yaw axis modifies
the encounter energy spectrum in a much different way., The
yaw axis energy and motion spectra (Figure 9) determined
from measurements made with the same environmental conditions
as the previous data, indicates significant yaw axis excursions

3-13
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well below0,001 rad/sec (period & 100 minites) and” yaw

rates equal to earth rate (.00L °/sec) at frequencies of -
approximately .0l rad/ssc (period == 10 minutes). Avéraging -
over 10 cycles to obtain reduction in amplitude by approximately
10/1 would therefore require 300 minutes,

Aﬁditional perturbations that must be considered when
determining the total disturbances to a carrier based inertial
system are:

(1) Natural ship's vibrations.

(2) Llongitudinal and torsional bending due to ship and
sea motions,

(3) Theeffects of the expansion joints along the
length of the ship.

Tt is theoretically possible to compensate for many of
the external disturbances using ship derived pitch, roll,
heading and velocity signals when location of the inertial’
system is known with respect to the centers of rotation
of the ship,

For the specific tactical situation of the Flight Path )
Controller, the helicopters equipped with the inertial systems

may be located at random areas of the flight decks so this
type of compensation cannot even be considered,

3-18
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Self-Contained Gyrocompassing Inertial Systems
<

The severa) methods proposed for erection and alignment
of local -level geometric reference guidance systems whether
platform or fixed frame, all reduce basically tov low band pass
closed loop systems which reduce the magnitude of unwanted -
input disturbances by filtering (or averaging) processes. The
band width of this closed loop must be optimized for two con-
flicting requirements:

1, Minimization of solution time with a given set of input
" disturbances.

2, Minimization of the forced'dynami'c. errors resulting from
" the input disturbances. :

The erection and élignnent mode of self-contained 10631 level
_inertial systems, are generally designed as shown in the simpli.
fied block diagram of Figure 10. These systems whether they are -

- A 7
- |

]

|

. V .~ | Base :
Ve | accer | Qe | Filters Motion |

Isolation

|
1 .- :
S P .
Base Qz |
L. Filters —w Motion —-—I——>|
' . Isolatiofn :
4
G Fme e e oo d
Figure 10
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classified as acceleration-ccupled with internal filtering

or velocity coupled with internal feedback, are essentially
equivalent and are designed to have maximum input distrubance
attenuation characteristics with minimum time constan% filters.

An example of the dynamic response of the erection and
alignment modes of a typlesl system may be obtained from snalysis
of the system shown in the simplified bleck diagram of Figure 1l.
This system contains second order filters with the loop gains
adjusted to yleld oritical damping of the major leveling loop
" dynamics. The filter time constants are chosen to provide
adequate attenuation of pitch and roll disturbances and results
in a leveling time of approximately 5 minutes for piteh and
roll motions of 10 degrees. It will be noticed, however, that
attenuation of yaw axis motions is very small and that there
is-no provision to attenuate the steady tangential accelera-
tions that result from the pitching and rolling motions,

) The gyro compassing loop dynamic respmse is obtained

using the closed loop response of the East leveling loop in
the forward path as shown in Figure 12. The root locus plot
shows the closed loop response to consist of a pair of dominant
" complex roots, with a subordinate complex. pair and a high fre-
quency lag. The loop gain (which must vary as a function of
latitude) is adjusted to yield a well damped system,

3-20
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With Ky, cos A equal to 65, the leveling time for 5 degrees
initial misalignment is approximately 15 minutes.

In this loop also, there is no provision to remove the
steady acceleration component caused by ship motions. It is
evident that no low pass filter can be designed to eliminate
the cosine? tangential acceleration components yet pass the
steady-state earth rate and gravity signals. If it is possible
to reduce these effects by some cther means such as location
of the instrument package, then filvering is practical for
sea state-ship's velocity heading conditions which result
in relatively high frequehcy osecillat ory motions.

External Velocity Inputs

‘The difficulties encountered in aligning self-cothtained
inertisl systems on a moving base which requires separation
of the earth rotational rate of 0.00L4°/sec. from sinusoidal .
base rates of spproximately 1°/sec, may be @leviated through
comparison of computed inertial parameters with egquivalent
-externally measured parsmeters. The logical choice of external
inputs is craft velocity which may be obtained from doppler
velocity instrupents with good long term accuracy and may be
comparéd with the velocity information generated by the inertial

- system which has good short term accuracy. The comparison
.may be made on quantities of equivalent magnitude reducing

the signal separation problem,

External velocity information is introduced into the
inertial system to control system damping and resonant frequency.
Judicious choice of the magnitudes of these quantities provides
maximum attemuation of inertial system errors in the shortest

- time with greatest accuracy. Simplification of the block

‘diagram of the basic fixed frame inertial system (refer to
Figure 13)permits linear analysis of the position tracking

loops. By assuming a constant value of gravitational attraci
tion and a constamt value for the earth's radius (spherical
earth), the three interacting loops may be separated into
inderendent single axis systems. ’

Each position tracking loop of the basic system maybe

represented as in Figure 13. The two integrators, velocity
and position, are represented using Laplace notation as:

LTI
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The G/R feedback is derived as the component of gravitational
field force sensed by ‘an'I axis accelerometer (see Figure 1l)
in the earth fixed reference frame. From fundamental feed-
back theory, the transfer function cf this lcop is:

1L
_A_I- = §2—+ G/R

vwhich indicates an undamped second order system with Schuler
Tuning €T = 8L.L4 minutes)

Introduction of external velocity information into this
loop is accomplished as in Figure 15. The difference signal
Ay fed back through the gain 01 controls primarily the

damping of the loop and fed forward through the gain 02 con~
trols the resonant frequency., ' '

Velo cit¥ Position
Integrator Integrato

S A : I
L 3 SIS -1
. i . |

Single Axis"Representation of Position Tracking Loop

Figure 13
.Polar
' Axs _ o
Spherical : . Gy = G cos (€)
Earth : = G Iq
. G
1. GI 'Il (_____)

Derivation of G/R Feedback
Figure 1
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Position Tracking Loop with External Veloeity Input
Figure 15

Writing the loop equations:

e =EI-Ai -ClAV
Ai = AI “CIAV - e
DV = e/s -Y_I

-1 AT Ly G L, -
[e(s) + Czuv ' (E)(R) = AI Clﬁv e
Let Ay = 0 to determine stability, then Vi = O (no motion in

inertial space)

e ey G e
(§2+02§éKx=-Clg"e
[s_z + Cy8 + (1 + Cp) ﬁ]e =0

which is as expected.

If the external velocity has an error e, the loop
equations becomet

[Ewcg (€~ 55 JR =k - 01 (§-ey) =@
ere AV =~ e/g=ey

Letting AI = 0 as before, thens
[52 +Cys + (1 + Co )g]e = g ng\ + Cqs )ev

OR ey =[s(c2 § + 618)] / [8% + c15 + (1 + €2)F]
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This indicates that the acceleration error (e) will exhibit
a damped oscillatory characteristic to initial disturbancee
but will have no steady-state error due to doppler velocity
calibration errors.

If 1t is desired that the system settle in 30 minutes and
be damped to 0.5 of eritical,

1
wd 330 sec.
1

wns-%-—ﬁ—__«—igq—o ===

= ,00321 rad/sec

since ~ z»rnz = g(l + 02‘)
Cz = 5¢71
= ,00321
then e 85 (.3655 x1073s +1)
ev S 2 2( 05) S

1

W ET= RS 3.21 x 103

In this case, an external perturbation of 1 knot in the

doppler velocity signal at frequencies greater than 0.005

rad/sec result _in an acceleration error (e) of approximately

0,005k ft/sec.2. The transfer function € 1is shown in Figure 16.
ev

The corresponding inertial velocity error due to doppler
velocity error is givtal by:
v, (CZJ‘[ +C.s )

oy 32+Cls+(1+02 )%
vwhich, for the above case yields:

8. 10~6 s
v 7 x (2,7h x10-3 + 1)

By
82 + 3.21 x 10738 + 10.32 x 10~

and is plotted in Figure 17. For doppler error frequencies be-
low 0.001 rad/sec. the inertial velocity error will equal

3-26
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approximately 85% of the doppler velocity error, indicating
that the steady state accuracy of the doppler inertial system,
is dependent on the basic accuracy of the doppler informationm,
i.e., on the accuracy of the basic instrument and resolution
of the beam velocitles into airframe velocities. Since the
instantaneous information from any doppler-velocity system
occurs with a normal probability distribution about the
actual velocity, the information fed to the inertial system
must be short term averaged to reduce the effects of the
variation. The averaging time must be kept to a minimum,
however, so that changes in actual craft velocity are not
significantly attenuated but are passed directly to the
velocity comparison network.

Use of external velocity information will not only aid the
reduction of initial disturbances to the inertial system by
tuning the tracking loop but will constrain the inertial
errors which normally tend to accumulate with time since the
long-term accuracy of a doppler-inertial system is proportional
to inherent accuracy of the doppler system.

FPC Erection and Alignment System

Due to the errors that arise from simple filtering tech-
niques for erection and aligmnment of a carrier based inertial
guidance system, the design of the FPC was based on the philo-
sophy that this approach would be sufficient only for coarse
erection where knowledge of the local gravity vector position
within 1 degree is tolerable. More accurate information on
the true vertical position must therefore be obtained by other
means during the fine erection and alignment meode.

Implementation of the ccearse erection process in a fixed
frame system entails the use of gyros and accelerometers with
a filtering process similar to the closed loop process of a
platform system, Because the inertial sensors are hard
mounted to the base, howsver, the action of the base motion
isoclation function is accomplished with the use of the gyro
outputs feeding a sub-routine in the computer program. The
resulting isclated accelerometer outputs are then averaged
to yield the relationship between the average-apparent-vertical
and the instantaneous system axes.

The coarse erection process 1s actually performed as shown
in Figure 18 and is accomplished as two separate functions.

~Since the instrument axes are in motion, as is the apparent

vertical, due to perturbations of the basej it is necessary
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to obtain the average position of the apparent vertical with
respect to a set of reference axes. At the end of the coarse
erection process, the spatial relationship between the instant-
aneous instrument axes and the reference axes are combined

with the relationship between the reference axes and the average-
apparent-vertical to provide the desired information relating

the average-apparent-vertical and the instantaneous instrument
axes position.

Stated mathematically, the desired relationship is:
cos (x, y, z/4)
where x, y, and z are unit vectors along the respective instru-
ment axes

u 1is the local vertical unit vector

if is the average position of the vertical unit
vector

X~y Y, and Z, are the reference unit vectors
eStablished 4t t = t, -2 minutes.

The orientation of the reference axes in the present
position coordinate frame is chosen to be the instantaneous
orientation of the instruments axes at t -t, -2 minutes
and is established by setting the initial values of the
direction cogsine matrix of box J to:

Cos(X,Y,2/%o,Y0,20) =|100
010

001 t =ty -2

Continuous information from the x, y, z gyros up dates
this matrix in accordance with base motion to maintain the
validity of the direction cosines. The ouputs of the x, y,
x accelerometers, which move with the base, are so resolved
on to the reference axes through the use of these direction
cosines (Box H) and provide the instantaneous values of
acceleration on the Xb, Y and Z. axes, i.e,

0 0
&
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Summation of these components for a predetermined time
interval (Box G) provides the average component values

%0? Vo 320 and allows computation _
(Box F) of the direction cosines between X, Y, Z. and U;
cos (X, YO Zo/ O Combination of the d1rec1;ion cdsines
cos (X 2. /W with Cos (X, Y, 2/X, Z)at b= tg
in a matrlx Qalculation yields the 9e519ed Qos (X, Y, 2/F)
from Box E, The time for coarse erection must be optlmized
for minimum total error. Errors due to periodic ship motions
decreagse with erection time, Errors introduced by the earth
rotation rate, which cannot be accounted for in this process,
increase with erection time,

Bias errors introduced by the tangential accelerations
of the sensors are independent of time. Consideration of
the effects of these error sources had led to the choice of
a coarse erection time of 2 minutes,

The coarse alignment process jnvolves the computation
of the direction cosines which relate the local east, local
north vectors to the instrument axes, cos (e, n/X, Y, Z,)
utilizing heading information from the ship's compass and
knowledge of the helicopter orientation on the flight deck
of the carrier, This computation is performed as indicated
in Box E during the last computation cycle of the digital
compuber before t = to « The ship's heading informa-
tion is combined with the helicopter orientation angle to
provide the horizontal component of the helicopter, and inertial
gystem, heading angle, This information is reflected onto
the X-Y plane of the instrument axes according to the
instantansous pitch and roll angles of the ship as determined
by the coarse erection process, Trigonometric manipulation
of the resulting angles permits the calculation of the direction
cosines; cos (e, n/X, Y, Z). Determination of the signs of
several computed functions is based on the knowledge that the
helicopter and ship are in an upright condition on the surface
of the earth and that deviation from the vertical will be between
+ 90°,

Coarse alignment accuracy is expected to be approximately
+5° of true North., Shipboard gyrocompass specifications
require heading accuracies of + 0.5°, Discussion with
personnel at the ASW shipboard equipment group at Bu Weps
confirmed that the estimated helicopter orientation should
be accurate to within +5°., Combining these expected errors
with an estimated computer error of 0.1° yields the composite
S° error.
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The relationship between the earth centered inertial
reference frame and the present pogsition frame of local
east, local north, local vertical cos (e, n, u/E N U.)
is determlned through use of spherical trlgonomegry quations

. and the Hayford representation of the earth's geoid

(See Figure 20)., The external information required is
geographic latitude and longitude as determined by the ship's
navigation gystem. Inaccuracies in ship's latitude and longi-
tude obtained by dead reckoning navigation systems may be

as large as 20 miles which will introduce errors of approxi-
mately 20 minutes of arc into the composite inertial erection
and alignment information

anrse erection and alignment direction cosines are
shown in Figure 19.

c“““'#k,hﬁ.)
From Box E
1Box € Box D
" Initial Initial cos(x Y2
}Lx—-—-‘ Direction Cosin s Direction Cosinp <,,' /5°,N°:U°)
Computation : Computation
PPR to EFRb HR to EFRO

Figure 19

This error will be removed during the fine erection
and alignment modle to be described later,

Signal flow of the final stage of coarse erection and

alignment, J{g\\\\\
direction n cosines is shown in
| Figure 19
No
)

Pictorial Relationship between E, N, U, e, n, u, and X, Y, Z
coordinate reference frames,

Figure 20
3-33
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Matrix multiplication (Box D) of the direction cosines
relating the instrument axes to the present position axes,
coe (X, Y, Z/e, n, W) and the direction cosines relating
present position to the inertial reference frame, cos (e, n,
u/ E, N U ) provides the relationship between instrument axes
and gnegtigl reference frame required for the coarse erection
and alignment of the inertial system to the inertial reference,
i. e.

°°¥X§YQZYEONOUO) « cos(X,Y,2/e;n,u) cos(e;n,u/ENU,)
Fine Erection and Alignment

Because of the magnitude of the errors expected in
the coarse erection and aligmnment information, it is imperative
that the fine erection and alignment process be as fast and
as sccurate as possible. As stated in a previous section
of this report, doppler velocity informstion will be utilized
to help achieve this aim. The simplified signal flow diagram
in Figure 21 shows the basic system configuration and method
of doppler tie-in to the position tracking (gravity compensation)
loop. Linear analysis of this loop specified that coefficient
Cli e set to a value of 5.71 to increase the natural frequency
of the servo-synthesized pendulum to 0.00321 rad/sec for a
settling time of approximately 35 minutes, C, is made equal
to 0.00321 to yield a damping ratio of 0.5 of critical. The
response of this system to a step of acceleration is given
in Figure 22. The error in computed inertial velocity is
equal to 85% of the steady state error in the doppler system
as shown in Figure 17,

The initial conditions of velocity and position of the
helicopter at the start of the fine erection and alignment
processes are computed in inertial coordinates using external
information supplied from the ship's navigation system, i.e.,
latitude, longitude, ship's velocity, ship's heading, helicopter
orientation angle, and parameters defining the Hayford earth
model representation. The error in these initial conditions,
dependent on the accuracy of the inputs to the computer
program, contributes to the initial disturbance of the
position tracking loop in addition tc the error in the
acceleration input, Use of the doppler inertial velocity
error as feedback and feedforward allows tuning and damping
of the position tracking loop to reduce the effects of the
initial loop errors.
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Reference to Figure 21 will show that in this simplified
form no provision has been made to correct the errors in the
initial values of the direction cosines which provide base
motion isclatinp, Although these direction cosines are
continually updated by rate gyro information to reflect
changes in the attitude of the sensor package, initial errors
will remain unless they are corrected®external information,
These errors are similar to an inaccurately erected platform
and result in erroneous acceleration information to the

- position tracking locp causing continuous forced dynamic

errors in these loops,

I

f

The final system design ©f the FPC Navigation System is
shown in simplified signal flow form on SK52200., The doppler
velocity and inertially derived velocity are self-resolved
into east, north, and vertical components in the earth fixed
reference frame. Comparison of these velocities provide
velocity component errors which are resolved into equivalent
angular rate errors. Resolution of these errors to corres-
ponding gyro rate errors by inertially derived direction
cosines provide the necessary corrections for inertial error
reduction of the base motion isolation directlon cosines.,
Multiplication of the correction signals by coefficient
Clyand algebraic subtraction from the corresponding rate
gyro outputs provide the short term, fast response required
for optimum erection and alignment., Inbegration of the
correction signals(82)and subtraction from the rate gyro
outputs result in reduction of the steady-state errors caused
by gyro drift,

Self resolution of the doppler velocity signals by
inertially derived quantities to provide the required
correction signals is a boot-strap process with the total
error directly related to the accuracy of the doppler-velocity
system. Gyro and accelerometer ouputs provide the inertially
derived velocity components which are tranformed, through the
use of a very accurate internally gnerated earth rate signal,
and compared with the resolved doppler velocity signals, It
is primarily through the use of the internal earth rate signal
that the drift rates of the individual gyros are determined
and the correction signals generated.,

Reduction of the inital condition errors in the base
motion isolation direction cosines is a transient condition
with the correction signals supplied primarily through the
proportional (C;) path to the gyro output summation networks.
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Drift rate correction in a steady-state condition and is
pagvided by the continuous output of the integrator path
(Y2) which cancels the drift rate component in each gyro
oﬁzbut. In the system steady-state condition the velocity
error sggnal decreases to égro resulting in no correction
input to either the G or path, Gross simplification of
the Navigation Loop formulstion has permitted linearization
of the system dynamics. The assumptions of major importance
are listed below:

e R e L

1. The three interacting position tracking loops assumed
linear and independent.

2, The three axis velocity resolution assumed non-interacting
and linear,

3. The direction cosines relating instrument axes to inertial
reference axes and the corresponding base motion isolation
function assumed linear and constant,

Dynamic anelysis based on these assumptions has allowed
specification of the values of the correction coefficients.
According to this analysis, optimum settling of the'completﬁ
system, obtained by setting C; = 0.00498 and Cp = 1.83 X 104, -
will occur in approximately 28 minutes.

In order to reduce the acceleration errors introduced by
high frequency tuning of the position tracking loop, the FPC
navigation system is designed to operate after the fine
erection and alignment mode in a doppler-damped mode in which
the tuning C), is set to zero and the damping coefficient is
adjusted to yleld a lightly damped Schuler tuned loop. The
transfer function of the ratio of inertial veloclty to doppler
velocity error is shown in Figure 23 for a damping of 0,09 of
critical corresponding to the value of C; = .2225 X 10‘3/sec.

The maximum inertial error is equal to approximately 10%
of the doppler error at a frequency of 0.0012) rad/sec (the
Schuler frequency). Use of the doppler velocity signal in
the doppler inertial mode of operation limits the maximum
error of the system and prevenits cumulative error build-yp
that occurs in pure inertial systems due to shifts in component
bias and drift levels,

A fourth mode of operation is included in the design
of the Navigation System which eliminates the use of doppler
information after erection and alignment. The system will
operate as a purely inertial system with the inherent errors
only partially compensated by a very small amount of self-damping.
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This mode of operation may be selected manually by the system
operator but will be automatically initiated when the doppler
return signal is lost by action of the lost-doppler gate signal.

The recommended damping factor for this mode is 0,02
of critical with the final value dependent primarily upon
the phase lag introduced into the position tracking loop
by the digital computing equipment. To obtain this value
of damping, the coefficient Cg is set equal to 0.0496 x 10~ 3 /sec.

Because of the pmsibility of transient disturbances occuring
internally to the system during mode switching between the fine
erection and alignment and doppler inertial modes, fading
circuits have been designed to slowly change the values of
the effected coefficients. The changes occur as an exponential
decay according to the expression K (1-e™® ) where the
decay times are selected to fade-out the outer loop {gyro
correction) before significant changes occur in the inner
(Position Tracking) loop. The desired transient time for the
outer loop is approximately 15 minutes which requires that
the exponential coefficients C and D be equal to 180, The
transient for the inner loop should be accomplished in 30
minutes which will be accomplished with values of A and B
equal to 360.

Since the outer loop opens completely‘aft;r the fine
erection and alignment process, coefficients C7 and c’
must equal 0.00498 and 1.83 X 1077 respectively. Altgough
the integration gain Cp = C4 e V'V equals zero at the
termination of the transient, the final value of the integrator
output will be held to contlnue the gyro drift cancellation.
The coefficient C equals 5,71 and completely opens the
doppler feed—forward %n the position tracking loop. Coefficient
C3 equals 3.065 X 107°/sec. to reduce the loop damping to 0.09
of critical after the fade-out period. The complete system
signal flow diagram is given in drawing #8K52200.

Operational Procedure

Information generated by the system during the fine erection
and aligmment process, which consumes the first 20 minutes
of flight time, is inaccurate. Although the velocity errors
decrease with time, the position errors-latitude, longitude
or grid coordinate information are cumulative requiring a
position fix at.the termination of this mode of operation.
Use of this information will result in large navigation and
flight path errors,

3-l1
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The suggested operational procedure for the FPC Navigation

System is as follows:

1.

2,

3.

Le

5.

Two minutes before takeoff, the coarse erection and
alignment process is initiated,

In the interval beforetakeoff, ship's velocity, heading,
and present position information is inserted into the
computer,

Immediately after termination of the coarse erection and
alignment, the system automatically switches into the
self -damped mode for a period of time sufficient to allow
take-off and cruise beyond the deck area of the carrier,
Since doppler information is very inaccurate while the
helicopter is over the ship and cannot be used for erecting

rand aligning the system, it is imperative that the

helicopter takeoff and cruise over the side as soon
after completion of coarse erection and alignment as
possible, ‘
Initiation of the fine erection and alignment process
may be performed automatically or manually by the system
operator after the helicopter is in a smooth cruise

mode. The flight prcfile should be restricted to minimum
course and velocity changes or to a hovering condition
during this mode to reduce the external distrubances

to the system.,

Normal operation in the doppler inertial mode commences
after completion of the fine erection and alignment
process and should continue for the duration of the fade-
out time (30 minutes), Termination of fine erection

and alignment may be determiried by a logic circuit which
indicates when the three gyro correction signals have °
been reduced to zero or a minimum acceptable threshold.

A position fix is required at this time to update the
indicated position of the helicopter, This fix must

be made external to the Navigation System between the
Position Loop output and the Flight Path Controller
input, to prevent generation of a transient input to

the Schuler tuned loops,

Operation in the self-damped mode will normally occur only
if the doppler system is inaccurate or inoperative. In-
opérative dopplér will-cause aubomatic transition to the
delf-damped mode,

3-k2
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Sources of System Error

1!
2'
L.

The major sources of system error will be:

Variation of the earth's surface from the Hayford ellipscid.

of revolution representation of the earth's geoid.
Effects of gravity anomalies,
Inherent errors in the doppler velocity system.

Variation between true helicopter velocity and indicated

helicopter velocity due to continuous ocean currents,

3-L3
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Inertial Measurement System

3.2.1

’ 3.2.1.1

3.2.1.2

Introduction

The inertial measurement system consists of the
following major areas:

a. Gyro and accelerometer inertial instruments
b. Pulse torque servo applifiers

¢. Instrument calibration and alignment

d. Inertial instrument package design

The function of the major components cited above
dictate the ultimate performance of a gimbal-less
inertial navigation system. The design criteria
is basically established by the vehicle dynamics,
tactical environment, and the navigational accuracies
desired.

Instruments

The repeatability of the gyro and accelerometer
coefficients from one calibration test to the next
is an important indication of a navigation system's
performance. In this application, tactical considera-
tions place a heavy burden on gyro performance. At
present, no low cost gyro meets the ultimate -Tong
term stability requirements for an operational system.
Many gyro manufacturers are concentrating their efforts
in this particular area, and substantial headway is
being made.

Pulse Torquing

Pulse torquing is a term used to designate the
digitalization of the current used to torque single
degree of freedom gyros and accelerometers. The present
design utilizes several unique circuit developments
that allow for satisfaction of requirements without
serious compromise. The following basic requirements
apply principally to gyros, as they are the most
difficult to satisfy in a no gimbal configuration:

3=k
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a. Adequately high maximum torque to handle any
possible sustained input angnlar rates.

b. Adequately small pulse size to provide necess-
ary resolution,

c. Practical pulse frequencies from the point
of view of an electromagnetic torquer.

d. Sufficiently low and steady torquer power input
so that mechanical distortions due to changes
in thermal gradient patterns will be minimized.

e. Dynamic stability of the servo loop and suffi-
ciently fast response must be maintained.

Instrument Calibration and Alignment

The calibration procedure prevides values for the
instrument characteristics, such as bias, scale factor,
etc., in order that corrections to instrument outputs
can be made in the system computer. Even after this
compensation has been accomplished, the signals must
not yet be used in the base motion isolation because
they are indications of motion vector components along
an orthogonal set of axes. This problem introduces
the need for aligmment, or resolving the compensated
outputs onto an orthogonal set of axes. The system
of orthogonal axes chosen against an accurate reference

may be referred asthe ideal instrument coordinate system.

Inertial Package

Since inertial grade instrument accuracies depend
greatly on thermal and dimensional stability, the pack-
aging concepts must inherently concentrate on a
thermally stable configuration. Three package
configurations were considered, solid conduction,
forced liquid convection, and Helium Hi-pressure. Each
configuration was considered on the basis of the follow-
ing criteria:

a. Weight
b. Volume

3-LS
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c. Power required

d. Manufacturing feasibility
e. Reliability

f. Warm-up time

g« Temperature repeatability
h. Estimated cost

i. Instrument calibration

j« Maintenance

Design Conclusions

The inertial measurement system defined herein
has been designed to utilize the inertial sensors to
the greatest extent feasible. It is considered that
the pulse torque amplifiers, inertial measurement
package, and associated temperature controls satisfy
all design criteria established for this sytem. No
inherent limitations exist for the various methods
of calibration and alignment with the exception of
package to doppler alignment.

The major area of concern lies with the gyro long
term drift performance. The FPC accuracy requirements
dictate the use of a .0l5 degree per hour gyro. This
would yield a circular error probability (CEP) of 1.5
nautical miles in present position. Present gyros
will yield a CEP of 6 to 8 nautical miles.

The alignment of the inertial sensor package to
doppler antenna axes may be easily sclved by the use
of a planar array antemna. This will enable the
inertial sensor package and the doppler antenna to
become an integral unit. This is not feasible with
the present AN/APN-130 doppler system, and a possible
method is presented in this section.

Gyros

The gyros are the most critical component in the
flight path control system. The gyros must maintain
a very low drift rate over a four hour migsion period.
In addition, their mission to mission shift, that is,
the drift rate shift when de-energized and re-energized

3-L6
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must be small and predictable. The gyro requirsments
were reviewed with all of the major gyro manufacturers
known to HSED. The results of this study are discussed
below.

The drift rate of a gyro is composed of a constant
term and a time varying term

Wa = We * Wr (1)

Eighty percent of the constant drift rate will be
eliminated during the fine erection and alignment by
using the earth's rate reference and the doppler velo-
city reference to establish the aircraft velocity and
angular rate. The remaining drift rate (20# will con-
tribute the major portion of the navigation error and
is composed of

Wce the effective constant drift tem which is
20% of the manufacturer's constant drift rate
Shiftlc

The drift rate terms are based on manufacturer drift
rate terms and accelerations which are assumed to be
7x10~3g in the X and Y gyros and 1g in the Z gyro.
This assumes that the helicopter flies a relatively
level flight with zero pitch angle.

The various drift rate components are defined
for the purpose of this report as one sigma values
as follows:

Wce = effective constant drift rate
Wce = 20% We = 20% (WB + WM + WA)
WB = Bias uncertainty (°/Hr.)

WM = Mass unbalance drift (o/ Hrég)
WA = Anisoelastic Drift (0/Hr/g?)

The comparison of the gyros available with HSED
requirements are shown in Tables 1l and 2. .

The time varying drift rate (wr) is composed of
three components.
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TABIE 1
EFFECTIVE CONSTANT DRTFT (JCE) "X" AND MY® GYROS
HSED

COMPANY REQ'T. | SPERRY | NORDEN ¥ORTRONICS| KEARFOTT|HONEYWELI,

Unit Design. | N/& |grg 10l] 203  |HIG-S 001 | G 87
B o/ur. .06 .5 .3 10 2 1
Wy °/Hr. .3 .5 .3 3 2 2

[e]

Wy /Hr/g2 8 .01 .02 .02 | .02 .2
Wo =Wpr +

WM u +WA .0621L  {.5035 |.3021 1.0210 [2,0140 |1.01k0
Wae .01243 |.10070 |.06042 20420 .L0280 | .20280

TABLE 2
EFFECTIVE CONSTANT DRIFT “Z" GYRO (ACCEL. 1G)
HSD :

COMPANY REQ'T. | SPERRY |NORDEN {NORTRONIS [KEARFOTT HONEYWELI]

Unit Design. | N/A SIG 1okl 203 | HIG -5 | o001 GG 87
Wg /gy .03 .5 .3 1 2 1
Wy °/ur/g .03 .5 3 3 2 2
Wy © fir/g? .002 .01 .02 .02 .02 .2
wc -_-(.\)Dr

+WMU +QA .062 1.01 .62 2,02 | L.02 3.2

‘OWoe 0122 .202 .12l Loy | .80k .6l

3-L8
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Wr = WDy *t Wyt + Wpy
Where Wy, = time varying drift rate shift (°/Hr.)

Wﬂt = time varying mass unbalance drift rate
(°/5r/g)
Wpt = pure random drift.

The comparison of the time varying drift rate of
various gyros with HSED requirements.is shown in
Tables 3 and L.

Table 5 shows the combined effective constant
drift rate and the time varying drift rate. The
effective constant drift rate is shown for two levels
of compensation, 80% and 90%. Also, shown are torquer
power, voltage and current characteristics.

Kccelerometer (Reference Table 6)

The inertial accelerometer requirements for the
flight path control are less stringent than the gyro.
Since the maxdmum accleration will be slightly more
than one "g", the dynamic range of the instrument is an
order of magnitude less than that expected from an
accelerometer mounted in a missle strapped down guidance
gsystem. The accelerameter requirements were generated
such that the accumulative distance error due to acceler-
ometer bias and threshold were negligible.

The selection of the accelerometers will be based
upon the error contributed by the accelerometer as re-
flected by Aar. '

Where Aaf = at * 8 + afAkp + 4—%— af
and at = threshold in g units
ap = bias error in g units

A‘kp = pick-off scale factor
stability per unit

Al
kg
kt = torquer scale factor

af in af units.

3-49



T .

HSER 2653

TABLE 3
EFFECTIVE TIME VARYING DRIFT “X" AND "Y" GYROS
HSD -
COMPANY KEQ'T. | SPERRY |NORDEN NRTRONICS, KEARFOTT|HONEYWELL
Unit Design. | N/& |SIG 1041 203 | mIg-5 | o001 | GG-87
Wpoto/ur, .001 .01 .0l .1 .2 1 |
i
(ko ir /g .01 .01 on 2 .2 2 :
j
{2t O/mr. .001 201 .02 219 sl 05
Wy Ppt '
Wi +0t .00207 |.02007 | .06028 | .251k | .301L | 1.06L |
I
TABIE 4
EFFECTIVE TIME VARYING DRIFT “Z' GYRO (ACCEL. = 1G)
HSD
COMPANY RFQ'T. |SPERRY |NORDEN JORTONICS|KEARFOTT |HONEYWELL
Unit Design. N/A  |s16 10l1| 203 | HIG-5 | oo 6a-87
Wpt oy, .0008 .01 O | .2 1
et o/Hir/g .0008 .01 O | .2 .2 2
Wpt °/Hr. .0008 .01 02 | .15 A .05
Wr =0p¢
A +w‘t+wptu .0021\4 003 1l 035 .5‘ 3005
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TABLE 5
GYRO IMPORTANT CHARACTERISTICS "X AND “Y" GYROS
i HSED -
i AEQ'T | SPERRY |NORDEN NORTRONICS KEAR - |HCNEYWELIL
FOTT |
Unit Design. N/A | SIG 1041 203 | HIG S 001 GG 87
Wa (°/fur)
with 80%
drift comp. L0145 | 412077 |.12070 1556 | L7052 11.2072
W4 with 90%
drift comp. | .0145 |.070L2 |.090L9 .3535 |.5028 1.165L
Torquer
Current (ma.) |100 Max.| 50 93 90 95 90
Torauer
Voltage 50 Max.| 12 Lo 15 16 15
Torquer Pwr.
(Watts) 3 Max.| .6 3.5 1l.h 1.5 1.
Characteristic .
Time (Msec.) 20 Max.| 6 Lo 1 1 .6
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Aa=at + ab +ard Kp+ .A_%__.af
HSED
COMPANY REQ'T KEARFOTT HONEYWELL DONNER
Unit Design. N/A C702401-005 | GG177 4310
at (g) 107 5x10™7 31078 107
ab (g) 3x10"5 3%107> 6x1075 107l
A‘kp ‘
(Dimensionless) 5x10'h 10"1" 1. SxIO'h Qxlo'h
Akt/kt N
(Dimensionless) 10 ]_o’S 10-5 3x10’5
Akpaf (g) 3o5x10'6 71(10'7 1.05x10'6‘ 1.)_,,:1076
(Akt/xt) af (g) - - -
/i) af (g 10”7 | 7xa07® 1078 | 2,350
Aa = (at +ab + ‘
Axpaf +A11:h_t ar) @) 3.5x20°5 | 3.127x107° | 601075 | 1.216x107%
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Calibration Program for the SANE Inertial Measurement
Sy stem.

The object of the calibration program is to provide
signals from the gyro/accelerometer package that are
orthogonal and error-free. The two tasks involved are:

1. Compensating the instruments for errors of bias
and unbalance, and obtaining scale factors.

2. Resolving the individual instrument axes
(xy ¥y, and z) to an orthogonal set (X, Y, Z).

The various symbols used in this ﬁhase of the

report are reiterated as follows:

i A subscript used to denote the instruments
axes, X, ¥, Ze

d A subscript used to denote the ideal package
orthogonal coordinate system X, Y, Z. The
Z axis points upward.

A The Package face pointing downward (used
when obtaining constants).

Sf is the scale factor for the l-axis acceler-
ometer. The units are FT/SEC/PULSE.

S§  is the scale factor for the i-axis gyro. The
units are Radians/Pulse.

Bi is the bias term for the i-axis accelerometer.
It is the output that is obtained for no
input to the unit,

Units: FT/Sec?.

Bf is the bias term for the i-axis gyro. It
is a drift rate in radians/sec. The Predict-
able portion is in one direction and can be
compensated,. . The random drift cannot
be compensated, but it is assumecd that the
errors will average out over a period of time.
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Defimitions (Cont.)

Nis
u$

latitude

is a drift rate due to an acceleration act-
ing on a mass unbalance along the spin axis
of the i-gyro. See Figure 2la,

ig a drift rate due to an acceleration acting
on a mass unbalance along the input axis of
the i-gyro. Ref. Figure 2lb.

Gyro Mass Unbalances

2ha Ug

2lp v}

by, g

Output Axis

,/4——M Mass Unbalance
Spin
L Axis

Input Axis
Mass unbalance due to gravity acting on mass
along spin axis. Assumed positive according
to the right hand rule about the output axis,
Spin Axis
Output Axis

‘(A_,Jﬁass Unbalance

* Input Axis

Mass unbalance due to gravity acting on mass
input axis - assumed positive as above.

Figure 2L

A set of direction cosines relating the
instrument axes to the ideal package
coordinates.

A set of direction cosines derived from the
above, and used in resolution to the ideal
package coordinatese
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A is the local vertical.
T is polar North
elr is calibration table rotation in radians.

Methods of Compensation for Instrument Errors and Mis-
alignment.

Instrument Compensations: Accelerometers

The output of an accelerometer may be expressed as
the net number of pulses (C) counted over a period of
time (t) due to the applied acceleration and the bias
accelerations.

3 % % = - g Cos (i,p) + Bﬁ

An output is assumed positive if the applied acceleration
tends to move the package in the positive i1 direction.

It should be noted that the gravitational field is equiv-
alent to an acceleration in the upward direction.

For example: The case where the i axis is upward,

B =2 "‘i’ :. COS (i’p)=;l, and a positive
acceleration results.

In the SANE computer program, the uncorrected outputs
from the accelerometers will be fed into an area of

the computer - designated Box 21 on SK 52200 - where

the raw pulse data will be scaled and corrected, giving
the true acceleration components in the direction of the
input of each accelerometer. This operation utilizes
the following set of compensatlon equations:’

A (<3
ax = Sl At B‘K
ag = sg cy — B% 1/2 Box 21

After compensation as outlined above, the acceleration
components are resolved to an orthogonal set, ay, ay,
a8z in Box 1. This computation is outlined in Section
3.2.5.3. The method to obtain the constants 5§ and B
will be derived in Section 3.2.5.4.2.

it
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Instrument Compensations: Gyros

The output of a single degree of freedom, pulse
torqued, integrating gyro consists of the net number
of pulses (C) counted over a period of time (A t) due
to the torques about the output axis. The torques
about the output axis are, in general due to:

Normal gyroscopic reaction to an angular velocity
about the input axis. This is assumed positive if the
applied angular velocity is about the input axis accord-
ing to the right-hand rule:

Output Axis

~T*——positive Angular Input
Input Axi's

The other outputs: U, U}, B%, have been defined pre-
viously. The general calibration equation for the
gyro iss

* Si C = [9, + Wieat cos (wzl Cos(z,ﬂ)—UZAt cos(f,S)
+UCE cos(pi) + Bl at

The sign conventions used agree with those outlined
in Figure 24. The outputs from the gyros are fed into
Box 21 on SK 52200. The raw pulse data is converted
by scale factor and corrected for bias. The unbalance
terms must be multiplied by the component of accelera-~
tion that causes them. This information is obtained
from the compensated outputs of the accelerometers.
Below are the gyro compensation equations:

#NOTE: In the general equation above, s refers to
spin reference axis, i refers to input axis.
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¢ 3
Wx = Sy m + Ux @4 + Uy ax - BS
1/2 Wy = §&< —Ulax + Uay - B
Box 21 ¢ T Oyae 3 ¢ ¢

. S p
Wy = S35 —Ugay + Upgly -8y

In the above gyro compensation equations, the signs
of the unbalance terms were determined as outlined be- !
below. First, the orientation of the gyros as in the
physical package is assumed as in Figure 25 below:

IA: Input Axis ‘Z LA _ ' ’
2 - gyro i
OA: Output Axis . }
SRA: Spin Reference Axis 0 SRA
A
b or -

IA

y - gyre
SRA

Figure 25 - Definition of Package Orientation

This orientation has the advantage of minimizing
errors due to unbalances. Since the output axes of
the x and y gyros point vertically upward, there will
be minimum unbalance due te gravity. The z gyro must
have its input axis pointing upward, but the output
axis is in the direction of ma.ximum expected horizontal
acceleration, thus minimizing Uz as much as possible.

The unbalance, Ui, resulting from an acceleration

in the positive 7y direction is seen to be negative
about the output axis. ‘
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U%, due to

sz' due to
3

UE, due to

x, due to

ys due to

positive a, is

a

positive ay is negative
positive ax is positive
pesitive ay is negative

pogitive ay is positive

negative

HSER 2653

‘ Since the compensation equation has the purpose of
subtracting out the unbalances, the sign of each will be
opposite to that above.

BOX I BOX II
Instrument
Calibration Instrument , Matrix /,
Bata Calibration = 21, Inversion Lir
Program
‘ A6
S
Bi*
Calibration Effort v(,',,
Sane System
BOX 21 BOX 1
¢ ,
Input ~ Instrument (%)‘- Instrument Wx,u7 |Resolution [0LOx,¥Z
_U-a-__' Package Compensation n » to Orthogon-m
] (-C_)a- Puse: 'ﬁ,a,’ al Set . (4]
€l :

Figure 26 Calibration Program of SANE System
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3.2.5.3 Resolution of the instrument outputs to an ortho-
gonal set.

It is assumed that the physical lecation of the
inertial sensors in the package will be such that the
instrument axes will not line up with the ideal X, Y,
Z axes, nor will they form an orthogonal set within |
themselves.

The SANE computer compensates for the misalign-
ments by solving a set of equations solved explicitly
for KX,Y,Z, or WX,Y,Z in tems of known quantities.

The outputs of the instruments can be written as |
follows:

Fx « FX bxX + FY bxY + FZ bxZ
Fy « FX byX + FY byY + FZ byZ 5
Fz « FX bzX + FY bzY + FZ bzZ ;

where F is either an acceleration A, or angular rate W.
b; ; are cosine terms relating the instrument axis to

the ideal axis., (obtained through testing).

In order to solve the equations for Sx,v,z, the
method following Cramer's rule is used.
F «Dx F =« DY F =DZ :
x 5, ¥ D, z T !

where D is the determinant of the biJ terms:
bxX bxY bxZ|

D= byX byY byZ
bzX b2Y bzZ

and Dy is obtained by replacing the X column by the
column of Sy temms. For example,
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Sy may be solved in terms of the instrument outputs:

Fy byY byl
Fz bzY bzl

Fx bxY be-l

D

expanding the humerators:

byY by? bxY bx?Z bx¥ be‘
Fy = Fx |bzY bzZl - Fy IbzY bzZl+ Fz |byY byZ
D D D
| [}
Defining the terms multiplying Sy, and , as bxx byX,

and BEX respectively s the compensation equations can
now be written in terms of these bjd's

By = Fx Y'mX + Fy by + Fz baX
) }
BOX 1 ‘FY«Fxb‘xy+FybyY"’sz.zY

| |
F,= Fx b xz + Fy byz + Fz b gz

One set of these equations is used for gyro misalignment
and one set for accelerometers.
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The complete set of biJ may be obtained from the given
o

set of bjy by the following summary:

bixX = byY byZ blyX =] bxY¥ bxZ b'zXw | bxY¥ bxZ
bzY bzZ bzY bzZ byY byZ
D D D
b'xYs byX byz b'yYs | bxX bxZ b'zY= | bxX bxZ
bzX bzZ bzX bzZ __ ! byX byz
D D D
b'x7w= byX byY b'yZ= | bxX bxY b'zZ= | bxX bxY
bzX bzY  bzX bzY  byX bzY
D D D
Where Dw bxX bxY bxZ
byX byY byz
bzX bzY bzZ
BOX IT

It now remains to determine through testing, the bid
constants of the individual instrument package.
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Obtaining instrument cémpensation constants.
Gyroscope tests.

By orienting the instrument package with one
axis facing downward and then another, information
regarding scale factor, bias and misalignment can be
obtained. The equations for the outputs in each orienta-
tion can be solved by simple algebra. The complete pro-
cedure is developed below.

The package is oriented with the listed face or
axis pointing downward. The net positive pulse count C

. and the time t is recorded for each test. When the

rate table is used, the angle appears as plus or minus
for CCW and CW rotations, and there is.to be an

. integral number of revolutions. A typical value would

be L radians at 2.5°/sec.

The x gyro tests are as follows:

Test # | 1 2 1! 2! 3 h 5 6

6, +0 |-06 0o |o |+6 |- |+6 |[-8

I s |+ | | |y Y |-z |-z

Where B is the face pointing downward.
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The equations defining each test run are:

G
1. Sx 01« -0- Wiet) SinAA + Ugty +

G
By t1

G
5xC2 = + @ Wietp Sin A A + Ujty + BJ t,

@
8,0y = Wi et ySin

G .
53 Cor = Wi etdSin

G
S5xC3 = -(e+ Wiet3Sin >~ A) Cos(x, r) + U}rt G

G
8,0y, = -ko+ Wi et) Sin
sgCS h "(3+ WietSSin

G
8,C¢ = -(-9+ WietgSin

N+ Uitl, + Bg’ ty/
%"A - UJsct2| + Bgt2|
x'3 + Bty
A ) Cos(x, 1)+Ukt, +80t
° x T Px”)
> ) Cos(xy-2)+BCtg

A A) Cos(xg-z) + Bltg
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Solving the equations for the X gyro, the follow-

ing parameters of the X gyro are determined:

G G(tl+t2)
S. =

x C2t1-61t2
5% o SH(Crt4Cty)
X TR,
G
Cos(x:.Y) - 5% (Chtj"C}th)
G (t3+t))
G
Sx (Cl!tgc-02|tll)
US « _—
x T, + Wie Sin™A

ol - 53 (C3tl*ty)
¥ < T3by,

s§ (Cgtg-cete)

Cos(x, -z) =
8(*s * t)

3-6l
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We have seen the complete solution of equations
for the A -gyro. For the remaining gyros and accelero-
meters, the algebra of solution and the equations
resulting from the various orientations are similar.
These will not be listed as well as the resulting
formulas for the desired constants. These derivations
are available in a special report “Calibration Program
for the SANE System.t

Accelerometer Tests

The known input used in these tests is the local
gravity vector. By using various orientations of the
package, the vector is applied along the three axes of
each accelerometer. From the resulting equations, the
scale factor, bias, and misalignment terms can be found.

The X - accelerometer tests result in the following:

Test # 19 20 | 21 22 23 2l
‘ B8 X ~-X Y -Y Z -Z

19 S0y = g 19 + B t19
20 S%Cy0 = gt 20 + B t20

21 Sheol = -g Cos, (xyY) t21 + BA 21
2l Shcy) = -g Cosp (xy-z) t2li + BA t2l

The X - accelerometer constants are
sk « 2ty tpo
Co0 t19 ~019t20
A L aA
By = Sx (Caot15*06t,4)

2 T19t9q
Cosp (x3Y) w-Shopy + Eﬁ_
g o1 g
Cosy (x,-2z) = -shcal + Bﬁ
Bt €
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The y and z accelerometer formulations are identical
and will not be shown.

Implementation of the SANE calibration program.
General

The SANE calibration program will, to a large extent,
follow the techniques used by Corporate Systems Center,
Division of United Aircraft, in their calibration testing
and data processing of a strapped-down inertial system.
This section will describe the method used by CSC, and
will point out the modifications and adaptations necessary
to implement the calibration of the SANE inertial package.

Detailed Program

The experimental model will be built and tested. The
five major pleces of equipment used for data taking will
ber

1. The inertial package, consisting of 3 gyros and
3 accelerometers.

2. The calibration table: a level surface aligned with-
in + 2 seconds of the gravity vector and an Elinco
Hysteresis Synchronous Motor to drive the table at an
angular rate of plus or minus 2.5°/sec.

3. The electronics cabinet, consisting of power supplies,
temperature controls, time reference, and the pulse
torque servo amplifiers.

4. The record logic paékager used to sum the output
pulses of the 6 inertial components and transmit
this information in binary form to the tape recorder.

5. The tape recordert a Potter Model 3280, 7 channel

unit used to record, in binary form, the outputs of
the gyros and accelerometers.,

3-66

e = ke mmn



o e e el Y e e g S i s et

3.2.5.5.3

HSER 2653

In order to obtain sufficient data for computation
of scale factors, bias mass unbalances, and sensor mis-
aligmment direction cosines, the inertiali package is
placed in various orientations, both with and without
angular rotation. The output of the inertial components
is recorded on the 7 channel recorder. This tape is then
taken to the UAC Research Center where the data is read
off the tape and analyzed on the IBM 709C Computer. The
desired information is automatically printed out on the
line printer. Reference Figure 27.

SANE System Modifications

The SANE package will be of a round or oval shape
with three mounting feet. In order to orient the package
as required, a calibration fixture will have to be designed
and built, The requirements for the fixture are that the
external surfaces must be at right angles to each other,
(within reasonable tolerances as discussed below). Also,
the internal mount for the inertial package must allow for
positioning of the package.

To determine the allowable tolerance on machined
surfaces of the fixture, it is assumed that the per-
missible angular error of the fixture is 1/10 the maximum
tolerable error for SANE system misaligmment. This has
been previously determined as 3.L5 minutes of arc. 1/10
of this is .3L5 minutes. The tolerance in inches per
foot can be found from e =f +¢an u,ﬂ- 1 ft., & = 345!

e = <+an .3L5 = .0001 feet/foot or, e max. = .0012"/foot.
A rough sketch of the fixture is shown below.
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Mounting Slots _ Sides of either
to Allew A solid aluminum or
Package Adjust- f ‘ angle stock
ments
o_ !
FIGURE 28
342,546 Alignmment of the inertial package with the doppler axes.
3¢2.5.6.,1 General
If the doppler velocity signals are to be used
for correcting or aligning the SANE/FPC system, the
coordinate systems defined by the inertial package
and the doppler must be aligned.
342.5.6.2 Maximum Angular Error
Neglecting the errors inherent in the doppler
system (approximately + 2%), and assuming that + 0.1
nautical miles would be an acceptable error after 1
hour of travel at 100 knots, the two axes will have
a maximum misalignment of + 3.5 minutes of arc.
342450643  AN/APN-130 Alignment Method

Referring to NAVIWEPS 16-30APN130-2, Service
Instructions Handbook for the AN/APN-130 (v) Radar
Navigation Set, the following method is used to align
the doppler to the craft axes:

ae The craft is leveled both longitudinally and
laterally, using jacks.

be. A piece of straight aluminum angle stock is
placed across the boresighting pads of the
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external antenna surfaces.

& clinometer is placed on the aluminum stock.
The angle measured laterally should be 120
+ 1° from the horizontal.

Doppler Hull of Craft
Antennas P

1o+ 1° 129410
FIGURE 29
Note: The angle has been brought within + 1° by

shimming the antenna mounts. The actual
angle, within these limits but having some
error, is measured and recorded.

d. A similar method is used for longitudinal
error where the antennas should be horizontal
+ 25',

ee A scale factor is determined for éach antenna

misalignment, and the Signal Data Converter
Velocity Computer Module of the AN/APN-~130

is -adjusted to correct for the misaligmments.
It should be noted that there are no markings
or reference surfaces on the AN/APN-130 package
corresponding to the t rue doppler axes. Since
the doppler is resolved to the craft axes,
alignment of the inertial package to the

craft axes should align the doppler with

the SANE/FPC system.

Craft Leveling

Since craft leveling is used in aligning the
doppler, the method used should be examined. Referring
to page 1-29 of NAVWEPS 01-230HIC-2-1 General Informa-

3-70



e -

3.2.5.6.5

HSER 26

tion for the SH-3 Helicopler;

A leveling plate is permanently attached to the
floor in the center of the cargo door.

A& plumb bob is hung from a leveling slot above
the door.

The plate has marks for each 1/} degree, and is
numbered for each degree. Markings are in the longi-
tudinal direction only and have a range of + L®, See
sketch.

L 3 2 1 0 1 2 3 L

[1[1|1||||||||l||111|1|||||||||||

It is estimated that this scale could be set at
some value with an accuracy of better than + 1.5
minutes of arc.

Alignment Methods

Outlined below are descriptions of a number of
alignment methods that could be used either in whole
or in part. 4 summary of the methods along with
advantages and disadvantages of each is given in
Table 7.

The use of an optical alignment method appears
to be of sufficient accuracy for this task; and could:
be used, assuming that the SH-3 deslign provides visual
accessibility of the inertial package from the outside.

During the initial testing and calibration of the
inertial package, reference would be made to a two
sided optically flat mirror. The two surfaces, 90°
apart will determine the ideal X, Y, Z axes of the
instrument package.

The instrument used in conjunction with the mirror

surfaces is an Auto-collimator, or a Theodolite with
auto-collimation features.
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A device known as a "Blitz wheel" is used as part
of an operational check on the doppler. The device
consists of a rough surfaced revolving reflector of
the doppler signals. System operation and scale
factor is usually checked with this method.

By positioning the Blitz wheel such that maximum
velocity in, for example, the forward or x-direction,
the true doppler axes could be determined. Modifica-
tions would have to be made to the existing Blitz
wheel in order to accurately define the axis of the
Blitz wheel. For the optical alignment scheme, this
would mean the installation of a mirror cube on the

. Blitz wheel.

It 1s also possible to align the inertial package
using the resolved outputs of the accelerometers. The
craft must be leveled as described previeusly. The
package is then oriented for minimum ay and. ay outputs.
When this condition is reached, the package is then
level, or, the Z axis of the package is in line with
the craft vertical.

For the alignment of another axis, the craft must
be tilted about one axis. Let us assume a pitched
down attitude of about 15°. The package is then aligned
until there is minimum output from the Y-axis acceler-
ometer. The exact value of the tilt angle is unimpor-
tant. However, for a larger angle, up to 90°, the
error is smaller,

Error analysis for accelerometer leveling. We
assume that the maximum allowable angular error is
3.5 minutes of arc. For the case where the craft is
level, the X and Y accelerometiers should be perpendi-
cular to the gravity vector. In this instance, the
output would be the sum of bias stability, threshold
and resolution errors in addition to the output due
to misalignment. This means that we cannot align any
closer than the angle corresponding to the spurious
outputs.

Our present requirements are for accelerometers

3-72



HSER 2653

having & combined error of 7.58 x 10"5 g. It is
possible that we may obtain better. The input to

an accelerometer near horizontal is g sin0¢ . To

find o4 , the deviation from horizontal due to acceler-
ometer errors, we set

g SINO = 7.58 x 1072 g
SINO = 7.58 x 10-5

o is approximately 7.58 x 10-5 radians

= (7.58 x 10'5) (57.3) 60 minutes = 0.26 minutes

Comparing this with the maximum allowable error of 3.5

minutes, this means that we have an accuracy ratio of

better than 13:1 between the test method and the

desired accuracy. For the case where the craft is

tilted, the input to the y accelerometer is g SINOKSIN o
- where & is the craft tilt angle. From the

General Information Handbook for the SH-3 NAVWEPS

01-230WLC-2-1, the maximum allowable tilt angle,

while the craft is on the ground, is 15° about the

pltch axis.

Taking S-lSo, and the accelerometer errors as
before, g
g SIN OASIN 150 = 7,58 x 10™°g

7.58 x 105 7.58 x 10~>

SINX = —SIN 10— = ~.25882 = 2.93x10~%
STN X, = (2.93x107%) (57.3) 60=1.01 min.

Thus, the minimum detectable angle is sbout 1 minute,
giving an accuracy ratio of about 3.5:1 between this
test method and the maximum allowable error.

Mention should be given to the possibility of
using spirit levels or bubble levels. This could
give us the vertical axis of the package mounted in
a level craft without much difficulty. Some other
method would have to be employed to provide us with
the aligrnment of the X or Y axis. The accuracy of
bubble levels vary, but as an example, the bubble
level used in the Keuffel & Esser, KE-2 Theodolite,
has an accuracy of 20 seconds. This should be adequate
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for our purposes.
Summary

Table 7 summarizes the methods described in this
report. It can be seen that no one method stands out
as being ideal. The best method may be a combination.
The simplest leveling method, using a bubble level
could be combined with either the inertial or the
Blitz wheel method of determining directional orienta-
tion. The inertial leveling procedure has sufficient
accuracy to be combined with one optical sighting
from either craft axis or Blitz wheel doppler axis
alignment. It is apparent that leveling the inertial
package poses no great problems, however, none of the
methods described provide an ideal directional align-
ment in X and Y axes. Use of flight test data for
this is being investigated.
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PROPOSED ALIGNMENT METHODS - SUMMARY
DOPPLER/CRAFT/INERTIAL PACKAGE

Advantage

Problems

Optical

Blitz Wheel

Inertial

Spirit Leveling

High Accuracy
~ (#.5 seconds arc)

Gives true doppler axis

No optical sighting.
No additional equip-
ment. Can give verti-
cal with no tilting

of craft.

No optical sighting
needed to obtain verti-
cal. Equipment doesn't
have to be turned on.

Presently there is no known
visual access to inertial
package. Mirrors must be
mounted on package.

LRequires (1) optical sight.
Obtaining Blitz wheel axis.
Does not provide vertical
axis.

Requires tilting of craft
about 109, Maximum allow-
able is 15°, Equipment must
be operating. Error close
to maximum allowable.

Gives vertical axis only.

Note: A1l methods depend on
craft leveling accu-
racy (estimated

: 1.5 I!Lin.)
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Pulse Torque Servo Amplifier

Introduction

Pulse torquing is a term used to designate the digital-
ization of current used to torque. single~degree-of-freedom
gyros and accelerometers, Basically, the PTA accepts an
analog error-signal input.from a. gyro or accelerometer and
performs an analog to digital corversion on the input.

The PTA accomplishes a. servo restraining function and pro-
vides an output proportional. to acceleration or velocity,
depending .on .the type of inertial. sensor used. This out-
put information is in discrete pulse form, which is high-
ly desirable, for the accuracy due to .counting accurately
controlled pulses exceeds. that of attempting to measure
analog currents.

The study program just completed was to redesign an exist-
ing PTA to meet the. new envirobmental requirements.

Specifications-

The following are requirements to be met by the PTA:

1.

2.

3.

L.

To operate in an enviromment controlled to 130°
+5°F for coarse temperature.control, and to 150°
+1°F for the fine temperature control.

To have error contributions smaller than or equal

to 1 x 10-5 g/g "Scale Factor Stability" and

1 x 10-6g "Bias Stability" for .a one sigma (16 ),
2}y hours. of continnous operation at normal operat-
ing temperatures,

To accept maximum linear acceleration inputs to
2.5 g's for accelerometers and maximum angular
velocities of 20°/sec for gyros.

Have capability of driving the inertial-sensor
torquer Wwinding with up. to LO.volts at L watts, -

To withstand the severest.heiicnpter envi;onmental
conditions,

Torquer power to be constant,
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7« Operation at a maximum leop gain consistent with
loop stability.,

Conclusions

Since a previously designed PTA which is capable of oper-
ation at 70°F and at a lower torquer power, has operated
satisfactorily in this application, it is beleived that
the additiocnal requirements can be . satisfied without much
difficulty and a minimum amount of redesign,

Design Considerations

Design requirements of the PTA are very stringent and re-
sulted in the utilization of several unique circuits. The
following are part of.the requirements imposed on the PTA.

1, Adequately high maximum torque to handle high
angular input rates. A maximum of 2.5 g's for
the accelerometer and an angular rate of 20°/sec-
ond for the gyro,

2. Adsquately smsall pulse width teo provide thé nec-
essary resolution.

3. The use of pulse frequencies which are compatible
with the electromagnetic. torquers of the inertial
sensors, yet optimum for system performance.

ks Torquer power to be kept to a minimum and to be
constant.,

5. The requirement for high loop.gain, dynamic sta-
bility and fast response of the servo loop.

6., Ambient temperature to be epproximately 150°F,
Design and Development Efforts ‘

The development program of the. PTA.has.been to attempt an
improvement in an overall system performance and to meet

the "Linearity", "Equivalency"” and "Scale Factor Stability"

requirements,
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The Electrical design and developments were to:

1., Eliminate the possibility of all bridge transistors
being "on" ar "off" simultaneously, Since the current regula-
tor input is from the bridge sensing resistor any transients
produced will severely limit the ability of the regulator to
meet its functional requirements.,

.2. Reduce intercircuit coupling of signals.

3., Test the gain linearity and sensitivity of the push-
pull stages with a dummy load. Repeat as loaded under normal
operating condtions. Since the normal load includes the half
wave demodulator, this information would be helpful in evaluat-
ing the performance of such a device.

Li. Redesign the 25 milliamp accelerometer bridge for use
with the accelerometer requiring a torquer curremt of 12.5
milliamps.

5. Attempt to reduce or eliminate the number of trim
pots located within the current regulator circuitry.

6. Set up test procedures for testing "Scale Factor"
and "Equivalency Stability" for both open and closed loop
operation.

7. Determine optimum circuit lsgyout for minimum coupling.
Finalize exact comporents which are to be fine tempersture
controlled, keeping in mind the need for proper inter-board
impedance matching.

8. Consider the possible vse of shielding to improve
or maintain existing performance.

9. Design changes have been incorporated in the exist-
ing 70°F accelerometer P.T.S.A. and preliminary test have
proven satisfactory with an ambient temperature of 150°F.
Since operation of the 70°F design has previously met system
specifications, a minimum effort should be expended %o
finalize the design of the higher temperature unit. Some
of the problem areas and their respective detrimental effects
due to the increase in temperature are listed as follows:

a. Power dissipation of resistive components must be derated
by spproximately 20%. f
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b. All semiconductors have a smaller maximum power dissipa-
tion. Power reduction of approximately 15%.

c. Thermal noise agitation-voltages in resistive components,
which is proportional to the square root of temperature
in degrees Kelvin, are increased by apmroximately 6%.

d. Switching ability of semiconductors is adversely effected.
Leakage currents increase. For "bulk" type currents this
amounts to an increase in leakage by approximately a factor
of 16 over room temperature operation.

10, Due to the high voltage developed across the gyro
torquerwinding the semiconductors are being pushed. Initial
design philosophy was to incorporate four layer devices as
bridge elements, Though satisfactory operastion and data
have been achieved at 70°F,fowr layer devices are inherently
slower, have higher leakage and have a higher saturation
resistance than do transistors. It has, therefore, been
decided to design and develop a transistorized power output
bridge, The major problems with transistors is that high
voltage, high speed, high current and two units in one header
are difficult to obtain simultaneously. To solve the high
voltage problem, a bridge was designed incorporating eight
transistors. The transistors will be grouped, two in a
series, shunted by a large value resistance thereby reducing
the voltage requirement by a factor of two. Various transistor
manuf acturers have been consulted, and to date this appears
to be the most satisfactory solution. The type of semi-
conductor specified are planar and are available two per header.

Conclusions

The finalization of circuitry for both the gyro and acceler-
ometer PTA, compatible with the temperature requirements,
require additional development on thelr respective room tempera-
ture versions. An attempt will be made to meet or exceed
the specified system requirements. Since the initial design
concept was specifically for missle application, it is felt

that the specifications pertaining to loop gain and "Scale-~
Factor Stability" can be relaxed somewhat. Tests will be
conducted to measure "Scale Factor" and Bias Stability in ; an
open loop configuration. Later similar measurements including
linearity will be made under closed-loop operation,

In the present design, at room temperature the occurrence
of spikes on the bridge sensing resistor have been eliminated.
It is felt that the contribution dve to an increase in ambient
temperature will be insignificant, after the appropriate com-
pensation.
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3.2.7 Inertial Instrument Package
The design of a small lightweight inertial instrument )
packsge was emphasized. There were two apprpaches considered;
a liquid convection system and a solid conduction system.
A detall design was completed on each system., The units
were designed to the following specification.

Inertial Instrument Package

Ambient Temper ature: O=150°F,0-150°F mounting, 0-125°F Ambient
Air

Core Temperature: 180 + 1°F to be held to * 0.1°F at any point
"G" Loading: 3G maximum, non-shock

Vibration: .006" double amplitude at 5-50 cps
5 G's at 50 - 500 cps

Gyros: 3 at 1,0 # each sealed if required.
Accélerometers: 3 atdf#each sealed if required.

0° 3' O" initial

Instrument Alignment: =
+ 0° o' 1" environmental

Package/Frame
Alignments * 1°
Warm Up Time: 30 minutes maximum

Interchangeability: All instruments replaceable and inter-
changeable .

Expected Operational Life: Heaters 1 year continuous
instrupents 500 hours continuous

Type Duty: Continuous and interrupted

Shelf Life: 1 year storage

Pressure/Humidity: Normal under 1000 ft.

System Seal: Dust, Salt Spray

Shield, Msgnetic: Netic-Conetio
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3.2.7.1 The Liquid System(Reference 18X590809) ]

The liquid convection mede of thermal control at first
appeared to have more advantagés in rigid temperature control
(the liquid flow rate could be designed to yield any reason-
able constant temperatwe & fference across an instmment),
in weight, and in ability tv withstand external temperature
differentials. As design of the liquid system was nearing
completion, however, it became apparent that the desired
welght level could not be met, and that reliability was
considerably reduced due to seal problems and to possible
field abuse., Erection and alignment becomesmore of a problem,
and laboratory tests run on some filler materials proved
‘ discouraging, With sufficient develop-

i ment time and with the improvement of polyurethenes, the

' liquid system still holds future nromise of better tempera-
ture control at weights excelled those possible with a
solid core.

T R e g S =

In this method a coolant (glycol) is pumped through
an annular space around each instrument by a simple impeller
powered by two motors (for redundancy). The flow rate of
ten feet per second would result in only a .1°F temperature
rise of fluid from entrance to exit of annulus, The fluid
is collected from all the instruments, mixed and then
directed by a solenoid-controlled valve through a tube attached
to the package’skin, Here the fluid surrenders its heat to
the skin, whidh radiates the heat to the surroundings. The
package weight would approach 1l pounds., Any temperature
differential imposed across the package outer skin would
not be "felt" by any instrument, since this heat flux would
be mixed, and thereby balanced, by the fluid. The pump, the
valve and the flow patterns throughout the package ducts
ensure continued mixing of the fluid. :

Limitations and restrictions of this design include
the quantity and difficulty of sealing the complex fluid
passeges, stringent assembly techniques required, difficulty
of field maintenance, proneness to failure due to field
abuse, and a required cyclic overhaul (which could only
be accomplished Bt the factory). Any state-of-the art
! advances in sub-miniaturization would not be enjoyed by
simply modifying this design as much as would the solid
package, since the fluid system tends to control the package
volume required rather than the instrument size.

The package skin is made of netic-conetic material, which
assures magnetie attenuation of approximately 120,000 to one,

3-8
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The Solid System Reference 18X590805 and SK52216

With the recognition of the listed short comings of
the sophisticated liquid convection system, a review of
concepts was made and the shortcomings of the solid system
re-evaluated. A formula was developed to ascertain ‘the
need for additional thermal filtering. A detailed analysis
indicated that an additional thermalfilter would not be
needed provided the mresent filtering could be improved.
With no additional rings of conductive metal, as assumed
8°F temperature difference acros§ the outside of the package
was found to create less than the maximum allewable .1°F
across any instrument. This was reflected in a lower weight
than had been originally estimated, and made the weight com-
parable to the liquid design. Further investigation was
therefore implied.

The principle of operation of the solid core is that the
instruments are considered to be heat sources buried within a
highly conductive,thermal bed. If these heat sources are
relatively distributed and have essentially even heat outputs,
the core will tend to be nearly isothermal, and will have
calculable temperature gradients throughout,

- For an dluminum core closely machined to accept the
instruments,the steady-state temperature difference should
never exceed * .OL°F which is well within the 0.1°F required.

If magnesium were used for the core, a welght savings
of 30% of the core weight (about 3/4 pound) could be
evidenced, but the thermsl trensients would increase so that
temperature regulation would be * ,06°F rather than * .OL°F
as in aluminum. However, this still remains within
specification., Commercially pure magnesium should be used
(i.e., Dow B92-52 ingot, 99.878% pure)to retain high
thermal conductivity. Dow lists 99.9% pure magnesium
conductivity as 91°TU/FT/FT2/°F/HR. For the breadboard
model, however, aluminum is recommended because of its ease
of machining and thermal stability at elevated temperatures.
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Warm Up

Warm up time occurs exponentially, and should be achieved
within thirty minutes by using the heaters enclosed within
the gyros, the instruments being protected by individual
thermo-switches,

Time Constants

Time constants for a temperature fluctuation at the
surface of the core to be sensed by the temperature sensor
buried 1/2 inch within the core would be fowr seconds,
This should be entirely satisfactory, since the sensor
will sense the bed temperature and will respond within
a relatively short time, preventing large on-off heater
oscillation sbout the nominal temperature.

The core is surrounded with a layer of insulation to
act as a thermal barrier which controls the amount of heat
flux reaching the outer skin. All but two per cent of the
heat leaves the package by radiation and convection
occurring at the outer skin. This few per cent escapes
via the three legs, and the leg resistance is adequate to
prevent a 15°F temperature gradient at the mounting surface
from creating a .1°F temperatwe gradient within the package.
A resistance heater type temperature control regulates the
aluminum block temperature by means of an electronic tempera-
ture controller. The package skin is a netic conetic cover-
ing designed to attenuate a DC magnetic field by a factor
of 120,000 to 1. This material can be fabricated, formed,
machined, and subjected to blows without affecting its
magnetic shielding properties.

Since the type and strength of magnetic fields which
may be encountered is unknown, an optimum thickness of ,015
conetic over ,025 netic material was selected. This would
reduce a 60 cycle field of 500 gauss by about 30,000 to 1,
The weight of the shield is approximately two pounds, and
package welght could be reduced if thinner materidl could
be used and less magnetic attenuation could be tolerated.
The same material could possibly, by coordination with
instrument vendors, be cased over the individual instruments.
Approximately one-half pound could be saved from present
padk age design by doing this.
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Stresses

Stresses in the core remain easily within material
1imits, both for altminum and for magnesium, Deflection
under a 3-g load remain less than the maximum tolerable
of one second of arc.

Vibration

For this particular application, the prime vibration
source is between 10 and 20 cps. It is desired to isolate
all frequencies above one or two cps to reduce aniscelastic
drift error in the gyros. The vibration isolation is
compounded because no damping 1s desired such that all
accelerations will be detected., Commercial isolators
tend to resonate under our load at tem to 1l cps, which is
in the middle of the band to be isolated(rotor blade
vibration) The apparent solution, then, is to use a soft
mounting with adjustable rigidity, so that the resonant
frequency of the mounts can be shifted to elther side of the
prime source by adjusting while on a shaker table. Such a
system has been provided. AdJustable mounting bolts can
change the amtunt of pre-load on the mount and thereby
change the transmissibllity of the mount.

Future Prospects

With the present aluminum core, the package weighs
around 11,2 pounds. Some additional design effort could
probably reduce this to 9 pounds, and the incorporation
of a magnesium core in place of aluminum (beryllium is
also a pessibility) could yield an 8.5 pound package
that would meet the present specifications., Further
improvements in the state-of-the-art by instrument vendors
would directly affect the weight and/or size of the package.

"I%,. therefore, seems an entirely reasonable
prediction at this time that an eight-pound strap-down inertial
package, complete and mounted, is possible in the future
without stressing the present state~of-the-art in instrument
manuf acture. :
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The Flight Path Control is a computer-controlled
autopilot designed to pilot a vehicle automatically
through any of a wide variety of ASW patterns. Once a
pattern has been selected and programmed irntoc the
computer, and a search datum point inserted, the FPC
will calculate each successive dunk point in a pattern
centered on the search datum, and maneuver the vehicle
into a hover over each dunk point in turn.

The basic units of the system are:

1. The Dunk Pattern and Flight Path Computer,
which accepts inputs from the pilot and
Navigational Computer generates and routes

2. The Analog Command Generators, located in
the Computer-Flight Control interface
develops the analog command signals.

3. The FPC-1 Modified Automatic Stabilization
Equipment (FPC-1/ASE), provides both imple-
mentation of the necessary msneuvers, and
maintains the vehicle in a dynamically

3.3 Fiight Path Control Design
3.3.1 Introduction
digital commands.
stable mode,
3.3.2 Design Conclusions

The FPC will function in any ASW pattern with a
minimum range of 5000 yards between successive dunk
points, a cruise velocity between 60 and 100 knots,

a hovering altitude of 20 to 100 feet, and a cruising
altitude of 100 to 200 feet. Velocities above 100
knots would be possible contingent upon an increase
in the minimum range between dunk points to allow
sufficient maneuvering room., The FPC will be capable
of commanding all the maneuvers necessary to realize
a pattern and will sequence them in the proper order.

3-38
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The maneuvers used are: transition to hover, transition
to cruise, coordinated turns (CW and CCW), and the
homing maneuver.

Through the blending of navigational, computational,

and autopilot functions, it is possible to provide a

wide range of pilot options and overriding abilities, thus

enabling the pilot to skip dunk points, leave and re-
enter the pattern at any time, or to start a new pattern
centered on a datum point of his choice. Upon leaving
the pattern, the pilot may insert a selected point

in the FPC and be flown automatically to this point,
terminating in a hover over it.

Much of the flexibility in the program stems from
the fact that the pattern is realized by homing on
guccessive points rather than by dead reckoning methods,
Also, the system operates at low authority levels,
consistent with automatic flight practicesj this gives
the pilot ultimate control over the vehicle at all
times. Finally, pilot opirion has been a prime factor
in all design considerationsj automatic maneuvers were
designed to duplicate, as nearly as possible, existing
manual ASW maneuvers.

Degign Congiderations
Basic Flight Path Concepts

The basic flight path concepts evolved from
congideration of the operating limitations imposed
upon the vehicletl and the definition of the missionj
i.e. the vehicle must be able to function in a wide
variety of ASW patterns without exceeding its operating
limitations,

Operation Limitations

The following vehicle operating limitations are
pertinent to the establishment of the basic flight
path concepts:

(a) All transitions shall be performed with
the vehicle headed into the wind.

3-89
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(b) The maximum permissible roll angle is 30
degrees.

(¢) The maximum permissible acceleration is
+ 1.5 g.

(d) The maximum permissible vertical rate is
900 ft/min. (Vertical rates above this
value are safe, but uncomfortable.)

(e) The maximum permissible forward speed is
150 knots,

(f) Hovering turns shall not exceed a rate
of 2l deg/sec. (360 degrees in 15 seconds).

Mission Requirements

The system will be capable of operating in ASW
missions whose range between successive dunk points
is 5000 yards or greater. Design objectives will be
to minimize time required to complete a given pattern,
and minimize fuel consumption, yet eliminate all
abrupt maneuvers, and provide as much flexibility in
the program as possible. The principal implication
is that both the number and complexity of maneuvers
required should be kept to a minimum.

Flight Path Implementation

The basic unit used in implementing the flight

path will be the Hamilton Standard Automatic Stabilization

Equipment (ASE),42 a four axis control system (pitch,
roll, yaw, collective). The ASE Basic Channels will
be used to maintain stability of flight; the Coupler
functions will be modified to accept FPC inputs.
Whenever possible, the Coupler path gains will be
preserved and the modifications will be restricted to
the Coupler inputs. This will allow the use of the
ASE, a proven piece of equipment, in close to its
existing form. The implementation design effort would
then be centralized in the Analog Command Generator
section, where the computer outputs would be processed
and fed out in usable analog form,

3-90
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Bagic Flight Path Concepts
Dunk Point to Dunk Point Flight Path

The basic problem is to maneuver the vehicle
from a hover at some dunk point, A, (see Figure 304)
to a hover at the next dunk point, B, The transition
to cruise and the transition to hover must both be
performed with the vehicle headed into the wind. The
transition to cruise will be completed in & distance,
a, and the transition to hover in a distance, b,
Therefore, the problem reduces to finding a flight
path between Point C, at velocity Ve into the wind,
and Point D, at velocity Ve into the wind., (Ve is
the selected cruise velocity). Several approaches
to this preblem are shown in Figure 30.

Figure 30B is a one-maneuver flig. it path: a
continuous turn of varying radius. Typically, this
maneuver would be some form of a spiral, which would
be highly uneconomical both timewise and fuelwise.
Moreover, it would be difficul® to inplement a varying
radius turn with sufficient accuracy.

Figure 30C is & three-maneuver i"light path: two
180-degree constant racius turns (racius r depends
upon location of B with respect to A), and one straight
flight. This would be much easier to implement, but
it has several distinct disadvantages. If B is nearly
upwind of A, r becomes smaller than the turning
capabilities of the vehicle. If B is essentially
crosswind from A, r approaches AB/2 and the distance
traveled while turning becomes 77AB/2 = 1.57 ABj when
the straight flight distances (2a + 2b) are added to
this, the total distance traveled can easily become
greater than twice AB, Sinde turning is a time-consuming
maneuver, and two 180 degree turns must be made, this
flight path will not be suitable froem considerations
of time and fuel.

The flight path of Figure 30D is a modification
of Figure 30C. A fixed turn radius, r,, is used for

all fiights. The angle through which the vehicle turns
is kept to a minimum for a particular value of r,. This

3-91
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will in effect minimize the time required for the
flight, the distance traveled, and the fuel consumption
for a particuler set of values, a, b, ry. Further
optimization involves a tradeoff between time required
and fuel consumption, the tradeoff being realized by
adjustment of a, v, and r,, subject to the vehicle
operating limitations.

one CCW turn, each of less than 180 degrees. For the
case when B' is néarly upwind of A, this technique

is valid, but requires either two CW or two CCW turns

of close to 180 degrees. (The direction of the turns
depends on whether XB is displaced from the wind vector,
m? in a clockwise or counterclockwise sense.)

Typically, this flight will require one CW and !
i
1
¢
|
i
‘K
Flight paths involving three or more turns must i
necessarily require more time, distance traveled, fuel, i
computation, and complexity of implementation, and
would not represent an optimal choice. 3
On the basis of these considerations, the path ;
of Figure 30D was selected as the Dunk Point-to-Dunk
Point Flight Path.

3.3.4h.2 Base-to-First Dunk Point Flight Path

The Base-to-First Dunk Point Flight Path is
derived from roughly the same format as the Dunk Point-
to Dunk Point Flight Path. The prime difference is
that the pilot must perform a manual takeoff from the
base, bring the vehicle up to cruise speed and altitude,
and engage the FPC, (The reason for this is explained i
in Section 3.3.4.4.) The initial act of the FPC is to |
turn the vehicle toward the first dunk point. Again, ‘
the transition to hover over the first dunk point must
be performed into the wind. Thus, Figure 31A  illustrates
the requirements of the flight path. Figure 31B shows
the two cases encountered in practice. In each case
only two turns are required,

3.3.4.3 Pilot Options

Flight paths required for automatic flights initiated
by pllot options can be made to correspond to either

3-93



i 1T

sl ey

g w

s g ot —rth B e = < -

P — - v v rian T et whetma e Wb i st T B 4t e sscssmmer b e et

A Transition First:ﬁﬁnk
to Hover Point

(4)

' Wind
AT > -
Transition to Hover
(B)
Wind

Transition to Hover

(c)

Figure 31 .
Base-To-First Dunk Point Flight Path

oty v e S o

Wind

j
{
|
1
l
|
j
i
}
i
1
|
§ )
3-9L




T

S 1

303t1h0b

HSER 2653

(3.3.4.1) or (3.3.4.2), 1If the option is initiated
while the vehicle is in a hover, (3.3.4.1) will suffice,
For exercising options while in the cruise mode, the
initial FPC action will be to turn the vehicle toward
the pilot-selected point, whereupon the scheme of
(3.3.4.2) will be applicable.

Wind Computations

As can be seen from the foregoing discussions,
the wind is a key factor in the specification of a
flight path. It would be a gross oversimplification
to assume that the wind would remain a constant in
magnitude and direction throughout an entire ASW mission.
However, this should be a reasonable assumption for any
single dunk point-te-dunk point flight. At the start
of the mission, the vehicle is essentially without
information as to the wind magnitude and direction.
This necegsitates the manual takeoff at the start of the
mission, During the straight flight toward the first
dunk point, average values of the wind compohents are
calculated and the rest of the base-to-first dunk point
flight may them be calculated. While in hover at the
first dunk point, the same wind values are used to
compute the path to the second dunk point. On the
straight segment of the flight toward the second dunk
poinv, average wind values are computed to be used
on the next dunk point-to-dunk point- flight.

Obviously this is not the best way of treating
the wind, yet several factors make it necessary. For
the optimal flight path chosen, all calculations must
be made at the start of the dunk point-to-dunk point
flight, while the vehicle is in a hover. (This necess-
ltates the assumption that the wind remains constant
throughout the flight from one point to the next, but
also introduces a certain amount of symmetry into the
path, greatly reducing the number of computations
required.) Since the vehicle's airspeed sensors do
not funétion in a hover, the wind must be pre-calculated
on the straight segment of flight toward the dunk point
over which the flight path calculations will be made.
Thus, the wind values unavoidably lag ohe flight segment
behind,
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Another ramification of this is that the vehicle
may transition to hover along one calculated wind vector,
yet leave the hover on another calculated wind vector.
This gshould present no problem, since hovering turns
of up to 2 deg/sec are permitted.

There is an alternative solution to this problem:
all flights can be treated like the flight to the first
dunk point. In this case, the vehicle would leave a
hover on the same calculated wind vector on which it
performed the transition to hover. It would then turn
toward the next dunk point and, on the straight flight
toward that point, calculate a new set of average wind

" 'values. Next, it would calculate the rest of the flight

path to the next dunk point in the manner of Section
(3.3+4.2.) using the newly calculated wind values. In
general, this is a five-maneuver flight path: three
turns and two siraight flights. It would require more
computation than the method of Section (3.3.4.1) and
more complex implemeritation. The flight time, distance
traveled, and fuel consumption would also increase.

The fact that any flight path chosen requires the
prediction of the wind at the néxt dunk point makes
the flight with the least number of maneuvers, (3.3.4.1),
the best compromise.

The data required for the wind computations are:
VgF.and VEF, the groundspeed veloeities;jﬂg the heading
or yaw angle; and Vp,g, the true airspeed.

The components of the instantaneous wind velocity
(see Figure 32) are:

fn - VgF - Vg cos W

§e = VEF - VTAS sin’\f/

and ,§' -,[532 *Enz
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Figure 32

T- Flight Path
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Figure 33

Flight Test Dunk Pattern
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If these quantities are computed k times, the average
values are given by:

Since the wind components are used for the purpose
f generating the sine and consine of the wind angle,
i}, the average magnitude must be defined ass

AR

For a wind angle, §%, neasured clockwise from North:

vl L ol <L
[Z] : Z]

Dunk Pattern for Flight Test Purposes

The pattern of Figure 33 was selected for flight
test purposes, The range between dunk points, R, is
a constant, 5000 yards or greater, If the prevailing
winds throughout the mission remain-in one general
direction, this pattern should present the most varied
set of wind conditions with respect to the bearing
from each dunk point to the next, and should bring
about all the variations in the flight path of Section
(3.3.4.1); i.e, the four different sequences of turning
maneuversjy CW-CCW, CCW-CW, CW-CW, and CCW-CCW,

Flight Path Calculations
All flight path calculations will be referenced

to an earth-fixed east-north grid, whose origin is at
some longitude and latitude, Forig, Norig-
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Table B gives the necessary computations to
generate the desired pattern about some datum point,

(eg, No)e
TABLE 8
Dunk Point (k) 8dk Ddx
Datum €p o
1 €o ng
2 eo*R No
3 e,+1.86605R ne-0.5R °
N 80+2.36605R no-1.36605R
5 eo+2.36605R n,-2.36605R
6 e,*+1.86605R ny-3.23210R
7 e,*R ng-3.73210R
8 e ne~-3.73210R
9 e,-0. 86605R ne-3.23210R
10 eo-l 36605R no~2.36605R
11 eo~-1.36605R ng-1.36608R
12 eo-O. 86605R no-O.SR
13 (=15} no

Dunk Point-to Dunk Point Flight Path

As will be shown in Section (3.3.6.1.1), knowledge
of only four points is required to realizs the flight
path. (See Figure 34.) While the vehicle is hovering
over dunk point egy it will most likely be drifting
with the water current and will not be located at the

calculated value of edi.

Thus, the present position

at the start of the calculations, (ep, ny) must be
used. The point (8,4, ng) which marks the ehd of the
trangition to cruise must be known, as well as the
point (eT, ny) where the vehicle starts to turn to-

ward the next dunk point.

Finally, the coordirates

of the next dunk point, (°Dk*1: nDy4) = (ep, np)
must be obtained from Table 8,

The calculations for the two cases of Section
(3.3.4.1) are greatly simplified if they are carried
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Flgure 34

Detail Diagram - Dunk Point-To-Dunk Point Flight Path
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out in an (x, y) coordinate system, centered on

(eh, nyp) with the y axis in the direction of the wind.
(x, y) coordinates will use the same subscripts as

the corresponding (e, n) coordinates. The computationa
are carried out in the following order:

(1) xp = (ep - ) cos B - (aD - nn) sin By
(2) yp = (ep - ey) sin §w + (np - my) cos §y
Case It

ppl>2 1o, or xp|€2 r,, (yp + a + b)<0
(3a) D -/{‘lem -2rd2 + (yp+a+b)2

= q - - 2
(ha) xq = sgnxp{( P} - ro)- 2 7o (15 . o)

S fGmeeew [Found )

(5a) yr=(yn+b) -2r2 (yp+a+b)-
N

+T, ("xDl - 2ry) ’D"‘ - U rc,2
BZ—

2_2:
Cage II:

fxp] €210, (3p+ 8 +b)>0
{3v) D '/’xlf + (yp+a+ b).zj

(Ub) xT = sgn XD{(‘IXDI - Tg) + To (yp+a+ b)}
D

(5b) yr = (yp+ b) - 1o xDI
5—
(6)‘ Xa = 0
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'

(7) va

(8) eq = e, - a sin §W

-a

(9) ng = n, - a cos lw
(10) er

it

ep + X7 cos Iw + yT sin §W
ny - X7 sin Qw + yp cog &w

Equations (8) - (11), together with the determina-
tion of (eh, np) from the navigation system and (ep, nD)
from the dunk pattern computations, constitute the four
required points,

[t}
)

(11) n7.

Base-to-First Dunk Point Flight Path

Again knowledge of four points is requied to
realize the flight path (See Figure 35) Point A of
Figure 31, which will be called (es, ny). (Actually,
any point on the line XB will suffice, and the actual
(ei, ni) used will be the present position of the
vehicle on the line AB when the calculations are
begun); the first dunk point (epy, npy) = (ep, np)j
and the points (eg, ng) and (eg, np) of Figure 35.

The calculations for the cases of Section
(3.3.4.2) are greatly simplified if they are carried
out in an (x, y) coordinate system, centered on (ep,
np) with the y axis in the direction of 1ig§‘K§'of
Figure 31, or the direction {ep, np) (ej, nj). (X, ¥)
coordinates will use the same subscripts as the
corresponding (e, n) coordinates. The computations will
be carried out in the following order:

(1) ay = e\ii =e' D

~Mes - ep)2 + (ng + np)¢

(2) ap = __ (ny - np)
Y (eg - ep)2 + (ng - np)2 |

(3) e = a] sin g; + &, cos I;
(L) eco = az sin‘§§ - aj cos Qw
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X
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— T CASE II
/w“"/ (b)
Figure 35

Detall Diagram - Base-T

o-First Daunk Point Flight Path
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Case 1t

le2| ¥ Ezggzg, or o<

(5) x4
(6) ¥g
(7) =t
(8) yr
21;

Case II:

- vt vy + ko

0
bey + ro(2 + |egf)
8gn c2 {‘o|c2| - rocl}

Yg = To

c 2br c1 >0
2| £Po s
‘ |< R s ©1

(9) V = egnc2 {b \cgl - rocl}

(10) W = bep + ro‘czl

(11) xg
(12) vy
(13) xr
(1) yr
(15) eg
(16) hg
(17) et
(18) np

HSER 2653

, ¢1<0.

=0
< v+ flrg? < {r0 - (sgn YT

= % sgn cz{b fea| + ro(l—cl)}

2 (yg + W)

ep + Yg81

np * yga2

ep + yray +Xp*2
np + yrag - XTal‘

Equations (15) - (18), together with the value of
(ey, ny) from the navigation system, and (sp1, np1)
from dunk pattern computations, constitute the four

required points to realize the flight path.
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Pilot Options

By substituting the pilot-selected point for
(ep, np), an opticnal flight, starting from either
hover or crulse mode can be realized by use of the
computations in Section (3.3.5.2) or (3.3.5.3).
Note: If a negative number should appear under the
radical sign in Section (3.3.5.2), Equaticn (3a),
it means that there is not sufficient maneuvering
room to realize the pattern {i.e. the two turn circles
overlap), and that the dunk point must be rejected in
favor of the next successive one. Also, the pattern
for Section (3.3.5.3) must be calculated at a time
when y>Yyg, in order that the pattern may be realizable.
Case II of Section (3.3.5.2) will always be realizahle.

Derivations of the flight path equations appear
in Appendix 5.3.1.

Flight Path Implementation
Command Sequences and Associated Computations
Sequence of Commands - Dunk Point-to-Dunk Point Flight Path

For the dunk point-to-dunk point flight path, the
comnands will be issued in the following order:

(a) Transistion to cruise; home on (e, > Dg )e
Track to (eg, ng).

(b) Home on (eT, np); track to (er, np).

(¢) Home on (ep, np); track to a distance b
from (ep, np).

(d) Transition to hover; home on (ep, np); track
to (ep, np).

As a result of these commands:

1. The vehicle will accelerate to cruise velocity,
Ves and climb to cruise altitude, h,. The
homing command will keep the vehicle headed into
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the calculated wind vector. Initial alignment
with the wind vector will be accomplished by
means of a hovering turn, using only the yaw g
channel, The tracking computation will mark the

end of the transition. 3

2. The homing command will turn the vehicle to the
proper heading to fly it to (em, np). If the !
heading error, Yerr, is greater than 10 degrees, ‘
the command will result in a coordinated turn of
radivs r,, terminating at the proper heading.

If the heading error is less than 10 degrees,
the vehicle will be yawed to the proper heading.
The tracking computation will terminate the
maneuver at (ep, nr).

3. The homing command will perform the same function
as in (b). The tracking computation will terminate
the maneuver at a distance b from (eD, nD).

ke The vehicle will decelerate to zero velocity
(Vhoy), and descend to hover altitude, h,..).
The homing command will trim out the coorginated
(or yawed) turn of (c¢), heading the vehicle
toward the dunk point (ep, np); if the vehicle was
on track at (eT, nT), the resulting heading
should correspond to the calculated wind vector,
Errors resulting from missing the calculated
track at (er, nT) will be discussed in Section
(3.3.6.1.5).

3.3.6.1.2 Sequence of Commands - Bass-to-First Dunk Point Flight Path
This mode of flight starts with the vehicle at
cruise velocity and altitude. The order of commands
is:
(a) Home on (ep, np)j track Verr to zero,
(This places the vehicle on the line AB
of Figure 2.)

(b) fCalculate the flight path to (ep, np).

(¢) Home on (es, ns); track to (eg, ng).
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(d) Home on (er, nr); track to (erT, nT).

(e) Home on (ep, np)s track to a distance b
from (ep, np).

(£) Transition to hover; home on (ep, hp);
track to (ep, np).

The results of commands (c¢) through (f) are discussed
in the previous section.

Sequence of Commands - Pilot Options

For optional flights, initiated from hover or
cruise, the methods of the previous two sections will
be used, with the pilot-selected point substituted
for (ep, np).

Associated Computations

There are two computations associated with these
commands; one is required for tracking to a point,
and the other for the heading error. For tracking
to a distance d from a point (e,, ny), the quantity T
must be reduced to an arbitrariiy sgall value,f . T
ig defined as:

T = /(ep-ej)2 + (np-nj)2‘= d,

where (e, np) are the present position corrdinates of
the vehigle. The heading error,Verr, is defined by
the equation:

sine Yerr = gyhy - gohy

where:
B ., 2=
andt

hy = ge!—fg) , h = (nj-ne)
(Gj‘ep)‘z + (nj-np)é f(?,d-np)'? + (ej-ep):
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In the limit as ’\Perr ~——a 0, 8in VYerr —_—
err ___, 0. Again the actual tracking will be to
some arbitrarily small value,8 . (The tracking of
"Verr is used only on the flight to the first dunk
point, before wind values have been calculated.
Although called a heading error, it is actually a
bearing error, and satisfying the relationship v/err
——3 0 will induce a crab angle in the vehicle.

When the wind values are calculated and the system
changes over to true heading commands, no transient
heading commands should result, since the vehicle will
8till be traveling along line iE of Figure 31, and the
analog circuitry will command the same crab angle as
was previously flown.)

3.3.6.1.5 Flight Path Errors

Transitions to hover are always initiated at a
distance b from the dunk point, while homing on the
dunk point, Since b is the distance required for
the transition, the position error at the dunk point
should bs negligible, amounting to the difference
between the arc length of the final heading correction
at the start of the transition and its chord. This
correction will be a large radius (yawed) turn of less
than 10 degrees in most cases, so that the difference
between arc length and chord will be negligible.

The only error that need be considered is the
angular deviation from the calculated wind vector at
the dunk point, This error arises from two sources:
passing through (eT, nt) on an incorrect heading,
and the inability to hold to a constant turn radius,
ro. The analytical expression for the error is rather
complex in form, and affords littie insight to the
magnitude of the error., However, with suitable
assumptions and approximations, it is possible to
develop simpler expression for the bounding value
of the error. With reference to Figure 36, if the
vehicle flies the correct track a-a' and turns with
radius r,, the wind error, é&, will be zaro. However,
if there is a heading error, @, such that the vehicle
flies the track c-c' to (ep, nt) and then turns with
a radius r ¥ r,, there will be a wind error AE, such
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that, for small values of {:

Z§s§:max - f '%?’“

Since b will be greater than r , this will amount to
a reduction of the original error at (er, nr).

This simplified form carries one assumption with
it, Let the wind be constant in direction only. During
the flight toward (er, np) let the magnitude increase -
above its pre-calculated value. This will cause an
error @ in the directjon shown in Figure 36, and an
asgoclated error, . However, this stronger wind
will tend to increase the turn radius to a value larger
than r_, and this will tend to diminish the error,

. Hence, if we make the assumption that the primary
source of error in the turn radius is the wind, then
that portion of the error caused by @, or the value of
A§ max previously given.

The derivation of the error expression and its
bounding value is presented in Appendix 5.3.2.

Definition of Maneuvers
Transition to Hover; Transition to Cruise

As a part of the programmed flight path, the
vehicle is required to perform smooth transitions
between the cruise mode at groundspeed V, and altitude
he, and the hover mode at zero groundspeed and altitude
hpoye The transition time, tp, should be kept as
small as possible. The transition distance should
be repeatable for any particular set of parameters
Ve, he, hpoye

Both the transition to cruise and hover will be
performed along the same sltitude-velocity profile
(Pigure 37). The profile equation is:

v
h - hpoy + Vo (he = hpoy)
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Figure 36
Flight Path Errors
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Altitude Channel Response to Transition
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From this equation, it is apparent that the vertical
velocity is proportional to the longitudinal accelera-
tions and that, for constant longitudinal acceleration,
there is no vertical acceleration., For this profile,

and for pitch angles of less than 10 degrees, the

ground track longitudinal acceleration and velocity

may be specified by a, and Vy of the inertial measurement
unit to within 2%.

Thus, the requirements for the transitiens may
be met by commanding a constant aceceleration or
deceleration, + ay, as measured by the X accelerometer,
as long as the velocity error is greater than some
arbitrarily small value Vg, (&5 knots). When the
velocity error gets below Vg,, the transition will
be faded out by commanding an acceleration or deceleration
proportional to the velocity error, Vg. The altitude
command would be slaved to the measured forward speed
through analog circuitry, which would generate the
profile equation. To be more specific, a transition
to cruise would be initiated by command Voo The initially
large velocity error would effect a constant accelera-
tion, a,, until the velncity reaches (Vo - Vg,), at
which point the acceleration command would proportionally
fade out (acomm = a0 Vg ). The transition to hover

go
would be initiated by‘gommanding zero groundspeed (Vh v)’
and would be carried out at a constant deceleration, -ag.

The time required for a transition of this type is:
tD = Vc/ao
and the transition distance is:
- = 2 = 2 :
a=Db=1/2 a, tp Vc/éao,
A nominal acceleration of # 2 knots/sec was
chosen for this system, since it results in a suitable

range of transition times, distances, and vertical
velocitiess
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VALUES FOR A TYPICAL ASW MISSION

Ve h, Broy D a=b v,

+ Kt/sec
+ Kt/sec

+ Kt/sec

60 kt 200 £t 4o £+ 30 sec 510 yds 320 fpm
80ky 200 ft Lo ft LO sec 900 yds 24O fpm

100 ky 200 £t Lo £t 50 sec 1410 yds 192 fpm

There are several advantages of this method
of performing transitions. By controlling acceleration,
it is possible to accurately predict both transition
time and distance; this cannot be done in the existing
ASE transition since only zeroc groundspeed and hy oy
are commanded, and there is no attempt made to program
the velocity vs. time; hence, the transition time and
distance can be neither controlled nor predicted
accurately. This method also eliminates the need of
entering the transition to hover at a particular gate
point (e.g. 60 knots and 150 feet). Finally, the
acceleration may change much faster than either velocity
or position. This allows a much tighter control loop,
and greater position accuracy, since any acceleration
errors must be integrated twice before they produce
position errors.

This method is not exceptionally difficult to
implement, since there are points in the ASE, into
which it is convenient to put the necessary acceleration,
velocity, and altitude commands. The ASE Basic Channels
will be used to provide incremental dynamic stability
about the slowly varying transition profile commands.
Iet us assume that, with the ASE functioning, the
vehicle's altitude response may be represented by some
equivalent second order transfer functions

Wn2
82+2 § WS +¥y2

H(g) = Heomm(S)
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The transition profile altitude command is given by
a ramp. For the purpose of mathematical simplicity
let us assume that:

rf{)i 0&t< T
hcomm(f’) l
o 4 2To
Therefore:
‘ ~ToS
Hcomm(S)"‘JS'i'c,'b-"j(’—e )
and: | . whz“ .,-;
H(s) = "TZ T SZ 5242 fns+wi (1-
w¥

To —é’i S+}fwn)z'+(wm//_ 7-)

Thus:

hid) =22 [(t—%,{--:

m—f,l.'—t‘r e ; Punt sin {wnmz‘t—za; (—'%Z)}}“{t)

T e-M*T)Sm[uM‘t(t—v“) Zﬁn‘(-g'ﬂ\ ““ﬁ]

If we assume thal the transient response dies out
before t -7"‘0, then the respronse may be represented
by Figure 38. For a well damped system, it consists
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primarily of a time lag of %ﬁ{ seconds in altitude.

3.3.6.2.2 Coordinsted Turns

A coordinated turn is one in which all the resultant
forces are in the direction of the vehicle Z axis. This
condition is represented in Figure 39. For a coordinated
turny

(a) Tsin @ =M wlr, = M Vg/r°
(b) Tcos @ = My
(a) + (b) tan g = Vg/r.g

or:
= V2
ry = Vo/g tan #

In order to maintain a constant altitude, the 1lift
force must be:

T=M /14 tan2 ¢

Coordinated turns will be carried out by commanding

a fixed roll angle, using the ASE Pitch and Collective
Channels to maintain forward speed and altitude. Since ;
the command for a coordinated turn results from a
heading error (Yaw Channel), the roll angle command
will be supplied through suitable Yaw-Roll crossfeed
circuitry, which will command the fixed roll angle
whenever the heading error is greater than 10 degrees,
and zero roll angle at all other times. The heading
error signal vill produce an error signal in the Yaw
Channel to assist in the turn, The Roll Channel Stick
Trim circuitry may have to be modified to provide a
smoother "roll-in" and “roll-out',

For this system, a roll angle of 26 degrees was
chosen; resulting in the following values:

3415
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{ ] Ve ry (Turn Rate)
25 deg 60 knots 232 yds. 8.6 deg/sec
‘ 25 deg 80 knots 412 yds. 6.5 deg/sec
25 deg 100 knots 6Ll yds, 5.2 deg/sec

‘ It was necessary that a substantially large roll angle

W be used. From Figure 3L, Case I, we must have D}/2ro

‘ for the pattern to be realizable. Thus, there is some
minimum value of R, the range between dunk points,

; which will produce this condition. If we consider the

: case when D = 2r, (the turn circles are tangent), then
the distance between dunk points, Jl , is given by the

‘ expressions

2 =‘[[;2r0(1*cose )_]2 + (a +b+2r, sing )2

) -‘/(a +Db)2 + bro(a + b) sin8+ 8r°2(‘1+ cos 8)
and the maximum value of this expression is given by:

fre e -

tan,@- a+b
or

o]

ﬂ‘ . L nex = 2r°[ 1+ /1 + Qa + b)2 :l
d ————
‘ 2ry

For a cruise velocity of 100 knots, where r, = 6Ll
yards, and a = b = 1,10 yards:

Imax = 1288 (1 +ﬁ + (2820/1288)2 ) = 14380 yards.

Thus, a minimum distance of 4380 yards between dunk

; ' points is required to fly the pattern at 100 knots. Smaller
roll angles would result in an increase of this distance.

In order to provide an insurance factor (approximately

15%), the system will be restricted to patterns in

which R is 5000 yards or greater.
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It is apparent that, in the presence of a wind
disturbance, this method is only an approximaiion to
a coordinated turn which describes a circle of fixed
radius, with respect to the ground. However, it
appears that it will provide sufficient coordination
and accuracy for this system., Roll angle, altituds,
and groundspeed will be held constant at the expense
of coordination and flight path accuracy; however,
this appears to be the best approximate method with
regard to accuracy, complexity, and necessary implementa-
tion.

Any proposed refinements of this method should be
directed toward the generation of a "Turn Computer®,
which would provide simultaneous control of all five
axes: pitch, roll, collective, yaw and power setting.
This would of necessity be a complex system, requiring
rather extengive implementation, as it must perform the
following functions:

—

(a) Maintain ,Vcl at desired value.

(b) Maintain dV;"lat desired valus.
at |

(¢) Maintain %Y‘Ex 7:- 0.
t

" (d) Maintain h, at desired value.

(e) Keep turn coordinated by commanding the
appropriate interrslation of control
parameters, such that the lateral (Y)
accelerometer is maintained at a null.

This represents an exact method of implementing coordinated
turns, Other approximate methods can be generated, but
these in general renuire consideraBbly more complexity and
implementation than the method chosen, and they generally
result in a tradecff between accuracy of the flight path
and coordination of the turn, They also require accurate
knowledge of the instantaneous wind speed and direction,
Rather than attempt any of these methods, the goal for a
more sophisticated system should be the generation of a
#Turn Computer®.
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3.3.6.2,3 The Homing Maneuver

The command to home on a point will be generated
from a bearing command plus a crab angle correction,
It will be a heading command referenced to the MA-1
Compass system, Calculation of the heading command,
’*bomm, ig illustrated in Figure L0,

h A Dest%ggtion

Present Position

o
FIGURE L0
Heading Command Vector Diagram
Using the bearing to the target point,§, and the

commanded cruise velocity,'V,, the computer generates the
two quantitiest
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H =7V, cos?- -§n
Hy = Vo sinf-

These signals will be pagsed through D/A converters

and used to drive a servc-resolver to the shaft angle,

~yY comm. The heading érror signal generated by "Weomm
and the MA-1 Compass will be used to actuate the Yaw-
Roll crossfeed to provide the coordinated turn command,
and the Yaw Channel for heading hold capabilities.
Although it would be more desirable to use bearing
commands, it was deemed more necessary to remove the
computer from the feedback path of the dynamic control
loop. Thus, the computer is used to generate a headin
command rather than a bearing error. The computer is not
used as the summing point for error signal generationj
however, the only other vehicle instrument suitable for
this application (the MA-1 Compass) is a heading indicator.
Hence, the necessity of using heading commands, A more
refined system would place the computer back in the
feedback path by generating a bearing error from the
-bearing to the target point and the groundspeed velocities
derived from the navigation section and removing the

MA-1 compass, This will be implemented on the final
systen.

Flight Control Electroniocs
The Standard ASE Package

The bagic building block of the FPC-1 Electronics
package will be the Hamilton Standard ASE (Ref. SK 52213),
It is a four-axis unit (pitch, roll, yaw, collective)
with basic channels for dynamic stability control, and
coupler channels for such functions as heading hold,
forward speed and drift gpeed control, altitude hold,
automatic transition to hover, and a cable angle and
altitude mode for sonar dipping. Briefly, the ASE
operates as follows:

Pitch Channel Operation
Automatic attitude stabilization is maintained
in the pitch attitude at all times after pressing the

ASE engage button on the ASE control panel. When the
vehicle is displaced from its normal flight attitude,

3-120
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the vertical gyro feeds a signal proporticnal to the
fuselage attitude with reference to the horizon into

the pitch ASE amplifier module contained in the amplifier.
Within the pitch ASE amplifier module, this proportional
gignal is fed in parallel paths. One path is a straight
proportional feed-through and the other is fed tc a
derived rate network. The purpose of the derived rate
network is to determine the rate at which the vehicle

has been displaced. At the output of the derived

rate network, the proportional feed-through and derived
rate signals are mixed and compared to the proportional
signal developed by the position sensor. The position
gensor is phased oppositely to the vertical gyro signal
and will cancel the vertical gyro signal when the vehicle
is at the selected attitude as reflected by the position
of the cyclic pitch control stick. The resultant rate
plus proportional signal is the attitude error signal.
This attitude error signal is amplified and demodulated
to provide an output to excite a solenoid of the pitch
gervo valve, As the servo valve corrects the attitude
error through the auxiliary power piston, primary servo,
and rotary wings, the attitude error signal diminishes.
When the vehicle is repositioned to its original attitude,
the vertical gyro output signal is returned to its original
value,

While ASE is engaged, the coupler may be engaged by
pressing the CPIR engage button on the ASE control panel.
During coupler operation of the pitch channel, one of
two modes may be used, doppler or cable angle., During
the doppler mcde, the coupler will seek and retain
selected fore-and-aft speeds during automatic cruise
flight and automatic transition from forward flight to
a hover over the sonar transducer. This 1s accomplished
by placing the CIC CPLi switch on the ASE control panel
in the“BOPP position. During this mode, the pitch
(velocity heading) actual ground speed signal from the
radar navigation set is compared with the selected signal
established by the SPEED control on the ASE control panel.
Any difference between these signals is the error signal.
This error signal is fed to the pitch coupler integrator
module as the proportional doppler error signal. There-
fore, this error signal represents the proportion that
the vehicle has been displaced from its preselected

groundspeed. The proportional doppler error signal splits

and a portion is fed through the integrator limiter circuit
to the integrator amplifier circuit to provide the system
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with zero steady state error. The integral signal
output of the integrator amplifier circult is added

to the other portion of proportional doppler error
signal, and the resultant proportional doppler error
plus integral signal is transformer coupled to an output
fade-in and amplifier-limiter circuit in the pitch
coupler amplifier module, During the doppler mode,

an accelerometsr develops a signal proportional to

the acceleration of the vehicle. Prior to the output
fade-in and amplifier-limiter circuit, the output

signal from the accélerometer is added to the proportional
doppler error plus integral signal, providing a large
correction signal proportional te acceleration. The
output fade-in circuit provides for a smooth initial
build-up of the signal to avoid any abrupt vehicle

jump due to possible large existing errors when the
coupler is engaged. The signal from the output fade-in
circuits is coupled to a standard amplifier and output
limiter circuit, This circuit amplifies and limits

the output signal to a level approximately 3/l the total
authority of ASE. The coupler output attitude error
8ignal is coupled to a stick trim actuator circuit which
excites a solenoid of the piteh stick trim valve to
automatically reposition the cyclic pitch control stick,
extending the authority of the pitch channel., The
coupler output attitude error signal is also coupled

to the pitch ASE amplifier module, In the ASE amplifier
module, the ccupler attitude limiter circuit, the output
signal from the accelerometer error. signal is processed
in a similar manner as the bhasic ASE attitude error sig-
nal,

During the cable angle mode, the coupler will
maintain the sonar cable perpendicular to the horizon,
This is accomplished by placing the CYC CPIR switch on
the ASE control panel in the CABLE ANGLE position.
During this mode, the sonar detecting-ranging set
develops a signal which is proportional to the angle
of the sonar cable, relative to the floor of the vehicle.
This signal is compared with the vertical gyro signal
in the pitch coupler integrator module. Any difference
between these signals is the error signal. This error
signal is fed to the pitch coupler integrator module as
a proportional cable angle error signal, Therefore,
this error signal represents the proportion that the
sonar cable has been displaced from true vertical,
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The proportional cable angle error signal is processed
in a similar manner as the proportional doppler error
signal, including the operation of the integrator
amplifier accelercmeter and stick trim actuator circuits.

Roll Channel Operation

Automatic attitude stabilization is maintained in
the roll attitude at all times after pressing the
ASE engage button on the ASE contrcl panel. When the
vehicle is displaced from its normal flight attitude,
the vertical reference feeds a signal proporticnal
to the fuselage attitude with reference to the horizon
into the roll ASE amplifier module contained in the
amplifier. Within the roll ASE amplifier module, this
proportional signal is fed in parallel paths. One path
is a straight proportional feed-through and the other
is fed to a derived rate network. The purpose of the
derived rate network is to determine the rate at which
the vehicle has been displaced., At the output of the
derived rate network, the proportional feed-through
and derived rate signals are mixed, and compared to
the proportional signal developed by the position
senscr, The proportional signal developed by the
position sensor is lagged approximately one second
in the dual channel lag amplifier. The position sensor
signal is phased oppositely to the vertical reference
signal and will cancel the vertical gyro signal when
the vehicle is at the selected attitude as reflected
by the position of the cyclic piteh control stick.
The resultant rate plus proportional signal is the
attitude error signal. This attitude error signal
is amplified and demodulated to previde an ocutput
to excite a solenoid of the roll servo valve, As
the servo valve corrects the attitude error through
the auxiliary power piston, primary servo, and rotary
wings, the attitude error signal diminishes. When the
vehicle is repositioned to its original attitude, the
vertical gyro output signal is returned to its original
value. While ASE is engaged, the coupler may be engaged
by pressing the CFLR engage button on the ASE control
panel., During coupler operation of the roll channel,
one of two modes may be used, doppler or cable angle.
During the doppler mode, the coupler will seek and retain
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selected lateral drift speeds during automatic cruise
flight and automatic transition from forward flight to
a hover over the sonar transducer. Thisis accomplished
by placing the CYC CPLR switch on the ASE control panel
in the DOPP position. During this mode, the roll
(velocity drift) actual ground drift signal from the
radar navigation set is compared with the selected
signal established by the DRIFT conirol on the ASE
control panel. Any difference between these signals

is the error signal. This error signal is fed to

the roll coupler integrator module as the proportional
doppler error signal. Therefore, this error signal
represents the proportion that the vehicle has been
displaced from its preselected ground drift. The
proportional doppler error signal splits and a portion
is fed through the integrater limiter circuit to the
integrator amplifier circuit to provide the system

with zero steady state error. The integral signal
output of the integrator amplifier circuit is added to
the other portion of proportional doppler erxor signsl,
and the resultant proportional doppler error plus
integral signal is transformer coupled to an output
fade-in and amplifier-limiter circuit ir the roll
coupler amplifier module., During the doppler mode,
anaccelerometer develops a signei proportional to

the acceleration of the vehicle. Prior to the output
fade-in and amplifier-limiter circuit, the output
signal from the accelerometer is added to the proporticnal
doppler error plus integral signal, providing a large '
correction signal proportional to acceleration. The
output fade-in circuit provides for a smooth initizl
build-up of the signal to avoid any abrupt vehicie

Jump due to possible large existing errors when the
coupler is engaged. The signal from the output fade-i-
circuit is coupled to a standard amplifier and outfni.
limiter circuit. This circuit amplifies and limits

the output signal to a level approximately 3/l the
total authority of ASE. The coupler outpyt attituds
error signal is coupled to ¥ stick trim actuator circuit
which excites a solenoid of the roll stick trim valve
to automatically reposition the cyclic pitch contrel
gtick to extend the authority of the rell channel. The
coupler output atiitude gerror signal is also coupled

to the roll ASE amplifier modules, In the ASE amplifier
module, the coupler attitude error signal ig processed
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in & =imilar manner as the basic ASE attitude error
signal, .

During the cable angle mode, the coupler will
maintain the sonar cable perpendicular to the horizon.
This is accomplished by placing the CYC CPIR switch
on the ASE control panel in the CABLE ANGLE position.
During this mode, the sonar detecting-ranging set
develops a signal which is proportional to the angle
of the sonar cable, relative to the floor of the
vehicle, This signal is compared with the vertical
reference signal in the roll coupler integrator
module, Any difference between these signals 1s the
error signal. This error signal is fed to the roll
coupler integrator module as a proportional cable
angle error signal. Therefore, this error signal
represents the proportion that the sonar cable has
been displaced from true vertical., The proportiocnal
cable sngle error signal is processed in g similar
manner as the proporticnal doppler error signal,
including the operation of the integrator amplifier,
acoelerometer, and stick trim actuator circuits.

Collective Channel Operation

While ASE is engaged, the collective channel may
be engaged by pressing the BAR ALT engage button on
the ASE control panel teo stabilize the altitude of the
vehicle., When the vehicle is displaced from its
normal flight altitude, the barometric altitude contrel
feeds a signal proportional to the new altitude into the
collective ASE amplifier module .contained in the amplifier.
Within the collective ASE amplifier module, this pro-
portional altitude error signal is amplified and demodulated,
to provide an output to excite a solenoid of the
collective gservo valve. As the servo valve corrects the
altitude error signal through the auxiliary power piston,
primary servo, and rotary wings, the altitude error
signal diminishes. When the vehicle is repositioned to
its original altitude, the altitude control output
signal is returned to its original value, However, as the
gervo valve corrects the altitude error signal, it
places the collective servo system in an open-loop con-
dition. The cpen-loop condition extends the authority
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of the collective channel by limiting the mechanical
feed-back of the collective servo valve to resultantly
reposition the ecollective pitch control stick. During
open-loop operation, the position sensor produces a
proportional signal to dampen the collective pitch

control stick movemsnt. The pilot may still override

the open-loop operation by applying an opposing force on
the collective pitch control stick. As the altitude error
signal diminishes, the position sensor proportional signal
will return the collective pitch control stick to the
engage altitude position, While BAR ALT is engaged,

and the pilot uses the collective pitch control stick

and the BAR REL switch to change altitude, the collective
clutch nulls the output of .the position sensor,

While BAR AIT is engaged, the coupler may be
engaged by pressing the CPIR engage button on the ASE
control panel. During coupler operation of the
collective channel, one of two modes may e used, radar
altitude or cable altitude. During. the radar altitude
mode, the coupler will seek and retain the selected
altitude. This is accomplished by placing the ALT CPIR
switch on the ASE control panel in the RDR ALT position.,
During this mode, the proportional radar altitude signal
from the radar altimeter is compared with the signal
from the ALTITUDE control on the ASE control panel. Any
difference between these signals is the error signal,
This error signal is fed to the collective coupler module
as the proportional radar altitude.error signal. Therefore,
thils error signal represents the proportion thst the
vehlicle has been displaced from its preselected altitude.
The proportional radar altitude error signal splits and a
portion is fed to the integrator amplifier circuit. The
integral signal output of the integrator amplifier circuit
is added to the other portion of the propartional radar
altitude error signal. The resultant proportional radar
altitude error signal, and the resultant proportional
radar altitude error plus integral signal is transformer
coupled to an output fade-in circuit, The radar navigation
set produces a signal (vertical velocity) proportional to
the rate of change in altitude. This rate signal is
lagged approximately one second in the dual channel lag
amplifier, and transformer coupled to the output fade-in
circuit. The coupler rate plus proportionsl altitude error
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signal output of the fade~in circuit is coupled to the
collective ASE amplifier module and processed in a similar
manner as the basic ASE altitude error signal, During
the cable altitude mode, the coupler will maintain the
vehicle at the selected altitude over the water, This

is accomplished by placing the ALT CPLR switch on the ASE
control panel in the CABLE ALT pogition, During this
mode, the proportional cable altitude signal from the
gonar detecting-ranging set is compared with the signal
from the ALTITUDE control on the ASE control panel.

Any difference between these signals is the error dignal.
This signal is fed to the collective coupler module as
the proportional cable altitude error signal. Therefore,
this signal represents the proportiont that the vehicle
has been displaced from its preselected altitude. The
proporticnal cable altitude error signal is processed

in a similar manner as the radar altitude error signal.

Yaw Channel Operation

Wnile ASE iz engaged, the yaw channel will stabilize
the heading of the vehicle., The MA-1 compass system
feeds a proporticnal attitude (heading) signal to a
differential synchro in the ASE.control panel, The
physical position of the differential synehro is controlled
by the YAW TRIM control on the ASE control panel, The
output of the differential synchro is coupled to the
yaw synchronizer. Depending upen the condition of the
yaw channel, the signal will become .2..synchronizing signal
or a proportional attitude error signal., During the
synchronizing mode (manual turns) of operation, the
proportional attitude signal is nulled out and no error
signal is coupled to the yaw ASE amplifier module. When
the yaw channel is operating normelly, the propertional
sttitude error signal is coupled to the yaw ASE amplifier
module. Within the ASE amplifier module, the proportional
attitude error signal is added to a rate signal developed
by the yaw rate gyro. The resultant rate plus proportional
attitude error signal is amplified and demodulated to
provide an output to excite a solenoid of the yaw servo valve.
As the servo valve corrects the attitude error signal
through the auxiliary power piston and the rotary rudder
blades, the attitude error signal diminishes. When the
vehiicle is positioned back to its original attitude, the
MA-1 compass system output will return to its original
value. As the servo valve corrects the attitude error
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signal, it places the yaw servo system in an open-loop
condition. The open-locy condition éxtends the

authority of the yaw channel by limiting the mechanical
feedback of the yaw servo valve to resultantly reposition
the yaw pedals. The pilot may override the open-loop
operation by applying an opposing force on the pedals.

While ASE is engaged and the pilot uses the yaw pedals
to turn manually, he will experience an artifical
force feel, The yaw rate gyro will produge a signal
proportional to the turning rate of the vehicle. This
rate signal 1s eventually coupled to the servo valve
and places the yaw servo system in an open-loop con-
dition, opposite to the turn of the vehicle,

Orossfed Signals

In the Standard ASE there is a Pitch-Collective
Crossfeed signal, which is used to program altitude
vg, forward speed for the automatic transition to
hover; and a Pitch-Roll Crossfeed to prevent the vehicle
from tilting sideways as it finishes the transition,

The FPC-1 Modified ASE Package (Ref, SK 5221L)

Most of the necessary modifications were made at
the inputs of the Standard ASE. The Basic and Coupler
Channel path gains were left unchanged, and the new
inputs were adjusted to the same scale factor as those
which were replaced.

Pitch Channel

In the Basic Channel, the Vertical Gyro-Derived Rate
network has been left in as a back-up sensor network, in
parallel with the inertially derived pitch angle and
pitch rate., The longitudinal accelerometer and Doppler
heading velocity channels were replaced by the inertially
derived longitudinal acceleration and velocity. The
cable angle channel was left unchanged.

The velocity selector signal from the computer selects
the appropriate command velocity, (Ref. SK 52208), and

introduces that analog commend to a velocity error sum-
ming point., The Pitch~Roll crossfeed signal originates
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at this point., The velocity error signal is also fed

to the Phase-Sensitive AC Limiter, and through a l-second
lag compensation, to the acceleration error sum point.
The limiter gives an acceleration command proportiocnal

to velocity error up to a limiting value of + 2 knots/sec
at a velocity error of 5 knots. The acceleration error
command replaces the velocity error command of the
Standard ASE. The Lagged Accelerometer network is not
used, The analog cruise velocity command undergoes an
A/D conversion, (Ref. SK 52209) and is routed to the
computer for use in generating the heading command.

The analog signals, Vx and Vg, are crossfed to the
Altitude Command Loop, (Ref, SK 52201) in the Collective
Channel, where they are used in the development of altitude-
velocity profile equation and the associated analog
altitude command. :

Coliective Channel

In the Collective Channel, the Doppler vertical
velocity is replaced by the inertially derived velocity,
Vz. The altitude control on the ASE Control Panel is
raplaced by the output of the Altitude Command Loop,
(Ref. SK 52201), which is summed with the AN/APN-117
Radar Altimeter output or the AN’AQS-10 Cable Altitude
output to provide analtitude ervor signal.

Yaw Channel

The Standard ASE Yaw Channel was retained in full, with
the addition of the inertially derived yaw rate. The present
yaw rate gyro will serve as a back-up ingstrument. In
parallel with the Standard ASE Yaw Channel is the Heading
Command Channel (Ref. SK 52204), which accepts the signals
(H1, H2) from the computer and uses them to position a
control transformers; the control transformer output
is compared with the MA-1 Compass output to provide a
heading error signal,

The normal condition of the channel is with the
Heading Command path ON, When the rudder pedals are
depressed, the Heading Command path is turned OFF
and the Standard ASE Channel is turned ON in the syn-
chronizing mode. When the pedals are released, the
Standard ASE Channel remains ON in a heading hold mode
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until the RELEASE BUTTON is momentarily depressed. At
this time, the Standard ASE Ghannel is turngd OFF and

the Heading Command channel is put back into the circuit,
This arrangement allows the pilot to override a flight
path, turn to a new heading, and hold that heading; then,
by pressing the RELEASE BUTTON, he may revert to the
original heading command. The error signal at the input
to the Yaw Servo Driver-Demodulation Circuitry is crossfed
to the Roll Channel-Roll Command Generator to provide

a command signal for co-orcinated turns,

Roll Channel

As in the pitch channel, the Vertical Gyro-Derived
Rate Network will serve as a back-up system for the
inertially derived rell angle and roll rate, The
lateral (Y) accelerometer and Doppler drift velocity
channel will be replaced by the inertially derived Y
axis accelerometer and velocity.

The Roll Angle Command Section is comprised of the
Roll Command Generator (Ref, SK 52203), which can command
roll angles of zero degrees and + 25 degrees; the AC
Lag Compensation and the Crossfeed Lockout Circuitry (Ref.
SK 52205). It has three modes of operation, the applicable

mode being selected by the Crossfeed Lockout circuitry.

When the command for V, is present and V is greater

than 50 knots, the Crossfeed Lockout Circuitry passes the
signal from the Roll Command Generator. If Vyx is less
than 50 knots or the command for Vhoy is present, the
Pitch-Roll Crossfeed signal is passed. When the vehicle
is in a hover, momentarily depressing the DRIFT CONTROL
Switch will place the Drift Control path in operation.
This path sutomatically switches out when the transition
to cruise ig started.

Required Additional Gircuitry

The following is a list of the circuitry needed in
addition to the Standard ASE Package, in order to

implement the Flight Path Control:

(a) Pulse Torque Amplifier (PTA) Output Filter
(b) D/A Converter
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A/D Encoder

Velocity Command and Advisory Light System
Phase-~Sensitive AC Limiter

AC Lag Compensation Network

Altitude Command Loop

Yaw Channel - Heading Command Loop

Roll Command Generator

Crossfeed Lockout Circuitry

3.3.7.3.1 PTA Output Filter (Ref. SK 52202)

This filter detects the average value of a timewise
unsymmetrical square wave. The output (2.332 V/g =1 g
max) shall cover its full range in response to the
following input: v

+Vo

}

_Yc -————

T= 10~3 SEC

3T 4a €.7T
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The filter uses active filtering on the 1 Kc base
frequency, by integrating it over 10 cycles; and
then averages the resultant 100 cps information with
a passive filter, The resulting DC signal is
modulated and fed out at a scale factor of 2.332 V/g.

3.3.7.3.2 D/A Converter (Ref, SK 52210)

The D/A Converter will handle 8 bits plus a sign
bit. The D/A Converter utilizes an operational :
amplifier technique using a high gain forward
amplifier (-K') and variable feedback  Rf )

V'R
of the upper half of the amplifier is (-K'); of the
lower half, -Kt (1 + Rf ), Therefore, the analog

R

The gain

output is given be e out = K' Rf , The size of R is

e in r
controlled by the digital information wiich is used
to switch in the weighted values of resistance making up
R, The circuit of SK 52210 has a maximum output of 9 volt
AC, for all 8 bits present.

3.3.7.3.3 A/D Encoder (Ref. SK 52209)

This device is used to supply a natural binary signal
to the computer, representing the manually set cruise
valocity command, It covers the range from 6 to 100 knots
in two-knot steps. A potentiomter for the analog cruise
velocity command is mounted on the same shaft,

3.3.7.3.4 Velocity Command and Advisory Light System (Ref. SK 52208)

This circuit has two advisory lights: ®"Switch to Cruise

Velocity", and "Switch to Hover Velocity". There are
two inputs representing these commands. Two conditions
are required to command the appropriate light: (1) the
Mode Selector switch must be in the FPC position; and
(2) the Velocity Control switch must be in the wro
position (i.e. "Switch to Hover Velocity®™ light lights
only if command for V. is present).

!
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Altitude Command Loop (Ref. SK 52201)

The altitude command loop must generate the command
h = hhov * VX (hg = hpoy). It is a servo motor driven

c
multiplier. The analog altitude commands are subtracted
to form (he - hpov); a servo positioning loop is used to
generate thr ratio ¥x . By linking a potentiometer with
Ve v
the altitude signsl to this loop, the product ?5 (he - hpoy)
c

is formed. hpoy 1s added back in to complete the profile
equation., The output is passed through a Gain Adjust
network, which ie a modification of the Phase-Sensitive
AC Limiter, This is done to match the scale factor of the
command to the non-linear output of the AN/APN 117. The
mechanical limits of the potentiometers restriet the al-
titude command to a range of 20 to 200 feet, even if

Vx should become less than zero, or greater than V..

Yaw Channel-Headihg Command Loop (Ref. SK 5220L4)

In this loop the cemputer signala {Hi, Hy) are passed
through D/A converters and used to drive a resolver to the
shaft position P comm. This resolver is mechanically
linked to the Heading Command control transformer, to
introduce the analog heading command to the yaw channel.

The switching arrangement allows the heading command
channel to be overridden by depressing the rudder pedals.
This throws the ASE Yaw Synchro Module into the synchronizing
mode to follow the resulting turn to a new heading, When
the pedals are released, the ASE Yaw Synchro will hold the
new heading until the OVERRIDE RELEASE Button is momentarily
depressed., At this time, the system reverts to the heading
command mode with the original heading command reinstituted.

.When the Heading Command Channel is operative, the ASE

Yaw Syncliro is maintained in a synchronizing mode.
Roll Command Generator (Ref. SK 52203)

The Roll Command Generator output mey be represented

by the following diagram: + 28°
-10°
-2V r:fq.zq" » Yaw
-280 ‘ +10° Error

515" + 27 3-139
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When the Yaw-Roll Crossfeed signal is greater than

"2V - AC (equiv. 10°) the Roll Command Generator feeds

out + 5,15 V AC signal (equiv. 25° roll), the size
depending on the sense of the heading error at all
other times the Roll Command Generator output is grounded.

Crossfeed Lockout Circuitry (Ref. SK 52205)

This network handles three inputs: Yaw-Roll Cross-
feed, Pitch-Roll Crossfeed, and Drift Velocity Control..
The Yaw-Roll Zrosefeed is used when the Heading Command
Loop is operated but is switched out during the transition
to hover, to prevent a large roll angle command from
appearing while the vehicle is transitioning. In its
place, the Pitch-Roll Crossfesd is appliad to prevent
vehicle tilt during the tail end of the transition.

When in hover, the pilot may select to use the Drift
Velocity Control by depressing the DRIFT CONTROL mo-
mentary switch. When he starts the transition to cruise,
the Drift-Velocity Control will automatically switch out
and only the Pitch-Roll Crossfeed will remain. When the
vehicle accelerates past 50 knots, the Pitch-Roll Cross-
feed will switch out and the Yaw-Roll Crossfeed will be
activated. This is summarized in the following:

TABLE 9

Crossfeed Lockout

Velocity Command Forward Yaw-Roll Pitch-Roll Drift Control

Speed Orosafeed Crossfeed
Ve 50 Knots In Ouﬂ Out
Ve S0 Knots Out Out Out
Viy 50 Knots “Out In Out
Vh 50 Knots Out In ~ Out
h Hover Out In Available
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The design of the digital portion of the Flight Path Controllér
involved studies and simulations leading to the requirements
of the system computer, design of the digital interface equip~
ment, and the formulation of the computer program., The
computer studies covered the feasibility of using channelized
system or a central processor and whether the existing coupler
functions should be digitalized or not. Simulation of the .
navigation section of the computer was directed toward
establishing the computer speed, word length, and the type

of integration approximation necessary to maintain the

system accuracy. The digital interface equipmert was

designed for 17 real time inputs to the computer, 12 manual
initial condition inputs, and 28 resl time computer outputs
consisting of 15 data words plus eight discrete commands.
While the programming of the system equavions is an essential
task in itself, it also provides detail information as to

the computer memory size and calculation speed required.

3.4 Digital System Design
3.h.1 Introduction
3.4.2 Design Conclusions

s e i e 8 e s = % n e =

_The results of the digital simulation conducted on the
system indicate that a high speed, parallel word digital computer
will be required t solve the system equations with a reasonable
accuracy. By reas.aable accuracy, it is meant that the
computer contribution to the system position and velocity
errors will be in the order of .5 nautical mile and .5 knot,
respectively, after one hour of flight. To achieve this
accuracy a computer having the following basic characteristics
is required.

1. Word Length - 30 bits
2. Memory

a) Program - 3000 words
b) Data ~ 1000 words

3. Typical Operation Time

a) Addition - less than 2l usec, )
b) Multiplication - less than 150 asec.

3-1L5
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It is felt that a computer with this basic capability is
within the present state-of-the-art.

The word length requirement is based on the computer
round-off error experienced by the simulation on the IBM 7090.
A 30 bit word (29bits + sign) will result in a one hour
position error of approximately 1000 feet due to round-off.

The remainder of the computer error will then be a

" dynamic type which depends on the iteration time and the

computer approximastions used. While extensive dynamic
simulations were not performed, the existing results indicate
that a high order integration approximation such as fourth
order Runge-Kutta is required to hold the dynamic errors to

a reasonable value. By using fourth order Runge-Kutta and
an iteration time of .2 second the combined round-off and
dynamic errors should not exceed .5 nautical mile in one
hour.

The computer speed requirement and the memory size 1s
based on the length and complexity of the computer program.
In order to accomplish all the system functions and maintain
a .2 second iteration time in the Navigation Loop, the above
operation times are required. This is particularly true of
the multiply time, since half of the present calculation time
is expended on multiply operations. The present computer
program consists of approximately 2500 instructions and 700
data locations which results in the memory size requirement.

An investigation of the advantages and disadvantages
of using a chamnelized digital system as opposed to a
central processing unit resulted in the selection of the
central processor on the basis of quantity of hardware.
The amount of circultry involved in channelizing the entire
system to yleld the same system accuracy was unreasonably
large while the central processor essentially provides a
built-in time sharing capability.

In designing the digital interface equipment, simplicity
of the computer input and output capability was achieved.
The computer need only have a one-word input channel and g
one-word output channel to handle all system data and control
functions. This approach was taken so that input-output
capability would not restirict the choice of computer.
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Coupler Trade-~-Off Study and Centralized VS Channelized
Study.

A study was made on the feasibility of performing the
ASE coupler functions digitally. Two approaches tc this
are possible; one being through the use of the central
digital computer, whose main function is to perform the
inertial guidance computations, and the other being with
a channelized computer whose sole purpose will be ito perform
the coupler functions. In an effort to provide an adequate
comparison of the two methcds, a single coupler channel will
be chosen and discussed., In actuality, there are three such
coupler channels, the pitch, roll and collective. The most
complex of these are the pitch and roll and for this study,
the pitch channel has been chosen to illustrate the
comparison,

Centralized Computer

The more straightforward approach to the implementation
is with the central computer, It has the capability of perform-
ing a large number of mathematical operations and logical
decisions and thus requires only the proper programming,
assuming digital inputs are avaiable in the correct form,
to implement the coupler functions. The central computer
approach will therefore be discussed first.

The three main inputs to the ritch coupler chamnnel are
(1) longitudinal acceleration from an accelerometer, (2)
velocity from AN/APN-130 Doppler navigation set and (3) cable
angle with respect to the horizon measured by sonar detecting-
ranging set AN/AQS-10. The first of these, the accelerometer,
must be a type that permits digital readout. The inertial
guidance accelercmeters are of such a type (pulse torqued)
and they are already read periodically by the central computer.
It would be a relatively simple matter in the central computer
approach to use the accelerometer signals also for the coupler
functions. Since the coupler requires acceleration only for
short term compensation, the accuracy available will be
considerably greater than required and will allow for reasonable
simplification..

The AN/APN-130 doppler velocity sensor producés a pulse
train whose frequency is proportional to velocity. The inertial
guidance system requires the use of doppler velocity and the
necessary counters and gating circuitry are already available
to convert the pulse trains to usable binary information,
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It is again a simple matter to use this same information in
the coupler computaticns,

The sonar detecting-ranging sz AN/AQS-10 normally

delivers a synchro signal whose magnitude represents

the position of the sonar cable
This synchro cutput can be used

device which will, in turn, position a shaft encoder.
encoder will provide a direct reading in binary of the ex-
isting cable angle.

is dialed in by the pilot.

of angular position.

with respect to the horizon.,
to rotate a similar shaft

The

In the doppler mode, the velocity signal obbtained from
the AN/APN-130 must be compared to a desired velocity which

This device might be a shaft

encoder whose shaft would be attached to a circular dial and
whose output would provide a binary (or gray code) indication
The hover trim control which allous

the pilct to control pitch drift rate up to+ 6 kts would be

a shaft cncoder of the same type.

Finally, the cable angle

conbrol which allows the pilot to control roll drift up to
+ 3° would also be a shaft encoder,

pitch coupler chamnel, a simplified program has been compiled.
Each step in this program represents an operation and may be

To best illustrate the techniques by which the central
computer would proceed through a typical cycle of the

made up of several actual computer szteps,

1.
2,
3.
L.
5.
6.

Read accelerometer and store

Read doppler velocity and store

Read desired drift velocity and store
Read cable angle error signal and store
Read cable angle control and store
Read hover trim control and store

Read mode. If doppler, continue. If cable angle, jump to 26

Modify 2 with appropriate conversion factors
Modify 3 with appropriate conversion factors
Subtract 2 from 3

If 10 is greger than 15 kts., let 10 be zero
Multiply 10 by At

Add 12 to 10

Modify 1 with appropriate conversion factors
Average 1L in with last 10 seconds of accel., info
Add 15 to 13

Modify 6 with appropriate conversion factors
Subtract 17 from 16

Read out 18 to hover indicator
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20. If 18 is greater tham Vmax., useVmax

21, TIf 18 represemts a change of greater than AVover the
previous value, use AV

22, Read 21 out to D/A converter

23, Subtract 18 from VT

2L, Divide 23 by K and generate the number of pulses
indicated by the quotient to stick trim valve

25, Stop, go to 1

26, Modify l with appropriate conversion factors

27. Modify 5 with appropriate conversion factors

28, Add L to 5

29, Multiply 286 by At

30, Add 29 and 28

31. Modify 1 with appropriate conversion factors

32, Average 31 in with last 10 secs. of accel. info

33. Add 32 t0 30 AV

3l Refer to 33 as 18 and jump to 19

Channelized Computer

The channelized approach requires a separate circuit for
each function much the same as an analog device. This is
commonly done digitslly by a special purpose device such
as a digital differential analyzer or incremental computer.
Such functions as additien, subiraction and integration are
possible with such a computer but the device is severely
limited when it comes to data storage, logic decision or
complex function generation, Unfortunately, these last
three operations are all required in this application as
can be seen from the sample program shown previously.

In addition some of the sensor inputs must be modified
to allow use with a channelized computer. Unless the
central computer is programmed to provide the channelized
coupler with the accelerometer and doppler signals, they
too must be sensed and modified with addition circuitry.

It, therefore, becomes quickly apparent that the channelized
approach for the complete coupler impementation will be
quite large and expensive and to make a channelized digital
approach feasible at all, a compromise must be made., A
possible compromise would be to allow only the input
comparisons to be performed digitally (such as actual

minus desired velocity, actual minus desired altitude, etc.);
the difference would then be converted to analog and the
remainder of the functions performed with analog circuitry,

Little can be gained by doing this, however, unless an extremely

accurate difference is required.
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From the above discussion, the following trade offs
are apparent. The channelized approach allows a separate
computation of all coupler functions with little or no
reliance on the control computer. It requires a separate
circuit for each computation, however, and some operations
such as scaling and conversion will require special storage
devices of reasonable complexity. The central computer,
on the other hand, will offer flexibility for all computsations
and logic decisions which are required. Many inputs are already
available and require no extra circuitry to obtain. Conversely,
additional program memory is required and, even more important,
additional program time. With a large number of computations
already being handled within limited time, the additional
requirements of the coupler functions would seem undesirable,

Conclusion

As a result of the previous: discussion, it is therefore,
recommended that if a choice must be made between using a
digital channelized coupler and a central computer implemented
coupler, the central computer approach is definitely more
desirable, If, in addition, a choice must be made between
continued use of the present analog coupler or conversion
to the central computer implementation, it would be wise to
remain with the analog approach. The central computer
is presently burdened with an increasingly large computational
load and any method of reducing or at least limiting thiis
would be worthwhile,
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Digital Simulation
Introduction

Basic difficulty arising from the use of a digital
computer for the purpose of strapped down inertial navi-
gation arises from the fact that the primary output of
the system 18 a direct result of integration; but inte-
gration is performed in a digital computer by success-
ively summing discrete quantities which may or may not
be weighted in some manner and can thus only estimate
the actual value of an integral, In general, the higher
the order of integration and the smaller the sampling
time (At) used, the closer the value of the integral
can be approximated., Of course, since the raw data inputs
to the computer are operated on in real time, there is
only a finite amount of time available for calculations
and a definite lower limit is established for the inte-
gration interval, Physical considerations of the probable
dynamic inputs for an actual flight set limits on the
integration time (interval) and this in turn restricts
the choice of integration technique. Estimates of this
sort tend to fix the basic computer speed. Similarly
a decision relating to the speed of the machine can place
restrictions on the sampling time and integration scheme,
To further compound the problem, decimal fractions can
only be represented in binary form to a certain accuracy
with a given mumber of bit positions. The uncertainty
associated with a result gets larger as the number of
operations performed to achieve this result increases
and/or as the quantities involved in the calculation
increase in absolute value.

In general if the order of integration is increased
or the sampling time decreased, the system will be capable
of following higher order dynamic inputs, But the basic
machine speed may also have to be increased due to the
larger number of operations per unit time, and the word

length may have to be longer to maintain the same accuracy.

Taking the other case a lower order of integration or
longer sampling time does not require as high a machine
speed but may require the same number of bit positions
and will not be as satisfactory on following the higher
order dynamic inputs, '
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Consideration of all these interrelations and trade-
offs are best considered by simulating certain aspects of
a flight with a digital computer and writing the program
with easlly changeable parameters directly related to
those variables discussed above, In this way, the speed,
word length, and integration techniques can be chosen for
the actual flight computer.

Descriﬁtionvof Earth Model

Most children are at some educational level told that
the earth is shaped like a ball, but their senses tell
them that it cannot be perfectly smooth., 4s their knowl-
edge increases they learn that the earth's surface
features are very small when compared with its dimensions
and also, that the earth more closely approximates the
geometric shape of an ellipsoid of revolution than a
sphere, Becoming more and more sophisticated attempts
are made to make better and better mathematical models to
describe the shape of the earth, However, to choose a
model that must apply everywhere and not just in some
prédesignated locality the ellipsoid of revolution appears
to be the most reasonable, Therefore, the model used in
the actual flight system will be based on this geometrical
shape and have an appropriate gravitational field model
associated with it, However, since the purpose of this

simulation is to spell out computer errors and limitations,

it would seem that the most accurate inputs possible that
are compatible with a specific model and also that the
most tractable model; within reason, should he used during
the simulation; hence, the model chosen for this effort

is a spherical earth. To be specific, for the purposes

of the simulation the earth is postulated to be as follows:

1., its geometrical shape is a sphere whose radius
is 20,895,118 feet.

2, 1its mass is homogeneously distributed and
produces a gravitational acceleration of
32,000000 ft/sec at the eartl's surface

3. it rotates upon an axis passing through its
center at a rate of 7.292115 X 10-5 r/sec
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4., that the common definitions of east, west,
north, south, latitude, longitude, up and
down hold

Furthermore it is assumed that all of the navigation
runs will be made on the earth's surface, thus ¢liminating
the possibility of a positive feedback situation arising
due to a ,G | type gravitational attraction model in the

o/
R
position tracking loop.

Having chosen an earth model for the simulation, the
appropriate inputs for a desired situation are then
generated, Next the computer results must be compared
with what the inputs indicate should happen. Since com-
puter errors enter into the calculations throughout the
program a direct comparison of end results is not the most
rewarding; hence, the computer program was separated into
three parts: (1) the direction cosine computation,

(2) the base motion isolation and (3) the position track-
ing loop -- so that the errors contributed by each of
these separate sections could be separately evaluated.

The first two sections can be analyzed using the same
inputs; however, the third portion, the position tracking
loop, required either separate inputs or a physical inter-
pretation of what the errors represented and knowledge of
the results due to these errors, Inasmuch as the response
in terms of the position is an important phase of the
system's operation and the deviation of the response of
this digital approximation to the response of its analog
counterpart is desirable information, the choice was made
to use the erroneous outputs of the base motion isolation
as inputs for the position tracking loop; thus automatic-
ally having a physical acceleration profile with realistic
errors superimposed, This necessitates a knowledge of the
response of the analog system to various error profiles
which is accomplished by the generation of the transfer

- function to which the position tracking loop corresponds,

This transform comes directly from an elementary servo
mechanism analysis of the position tracking loop, as shown
in the diagram of the basic navigation system (Reference
Figure 3). Operation on the input profile with the trans-
fer function and comparison of this result with the com-
puter printquts then yield the error contributed by the
position tracking loop. .
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For the computer simulation the basic navigation
system as outlined in Section 3.1.L, was programmed.
The proposed method of servo restrained loop for the final
system was not programmed because it was thought unnecessary
to achieve the established goals and because it would have
been too time consuming to check out the entire program,

Inherent Computer Errors

In general there are two types of errors inherent in
a digital computer when it is used in a real time system.
These errors are functions of the word length (number of
bits per word) and the cycle time (iteration time) of the
computer, The first of these errors is generally referred
to as either a round off error or a number truncation error,
The second error 1s a dynamic or computer approximation
type error which results from the discrete (noncontinuous)
operation of the computer,

The round off or number truncation error arises from
the fact that words in the computer are limited to a
finite bit length and, therefore, havwe a definite gran-
ularity. For example, if we wanted to represent distance
up to 1,000 feet in a 10 bit machine, the granularity of
the least significant bit would approximately 1 foot,
If the machine has a round off capability, the distance
will have an uncertainty of + .5 foot, If the number
is truncated (least significant part ignored), the
distance will have an uncertainty of -0 to +1.0 foot.
In general, the truncation type of error exists in a
digital machine, This error becomes important when an
iteration process such as an integration approximation is
used, The uncertainty of each increment consists statis-
tically of a bias which is one-half of the value of the
value of the least significant bit (LSB) and an associated
RMS error. The error resulting from N iterations is
E =N (.5) (L.SB) + {F e. ;
This error can be reduced by increasing the word
length of the computer or by reducing the number of iter-
ations of the calculation,

The dynamic error in a digital computer is a function

of the order of the input signal, the order of the com-
puter approximation of the process being simulated and the
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cycle time (A t of en iteration) of the computer. In the
case of integration, the higher the order of the computer
approximation the smaller the dynamic error becomes; also,
as the computer cycle time is reduced the approximation
approaches continuous integration and the dynamic error
again decreases, It is, therefore, desirable to have as
high an order of approximation and as small a cycle time
as possible to reduce the dynamic error,

The ideal solution to computer errors would be to
have a machine with infinite word length and infinite
speed which would make both the round-off and dynamic
errors negligible. Since this is an idealization, the
final computer error is generally a compromise between
round off error and dynamic error.

3.4.4.4 Discussion of Simulation

The simulation of the basic navigation system was
done on an IBM 7090 general purpose digital computer, For
the various simulation runs, analytic inputs were generated.
From the analytic inputs certain quantities, e.g., the
direction cosines between the inertial and present position
axes, inertial position, etc,, were calculated by engineer-
ing personnel and compared with computer results at different
times during each run. From plots of the errors (differences
between hand calculated and machine calculated results) it
was possible to construct error models which accounted for
systematic errors in the computer. Figure L1 compares the
actual errors and those predicted by the model of the input
errors; discvepancies between the two plots are caused by
round off effects in the position tracking loop (PTL),
linear approximations of the input errors, and due to the
inaccuracy of the hypotheses upon which the loop's transfer
function was derived,

In general it was found that the E and N axes were
much more sensitive with respect to errors than the U axis,
This is attributed to the fact that the rotation of the earth
results in a changing acceleration along the E and N axes
for normal ranges of latitude., This acceleration change
results in a position error due to any time lag in the
pesition tracking loop. The corresponding numerical
position integrations along the E and N axes do not approx-
imate as closely as the U axis an analog integration.
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Figures 42, 43 and L)y show the error plots of longi-
tude, latitude, and radius from the center of the earth,
respectively, (as calculated by the computer) versus
elapsed time for the situation in which the system was
motionless with respect to the earth,

The changes made in the simulation that account for
the various longitude errors, as shown in Figure L2, are:

Run 1:

Run 2:

Run 3:

Run L:

A relatively large iteration time (10 seconds)
in the PTL accounts for the large oscillation.

The oscillation in this run (and in Runs 3
and L) is due to time lags introduced in the
digital implementation of the system; however,
for this run (and Runs 3 and L) the PIL
iteration time is reduced to one second, thus
resulting in a much smaller over-all lag than
in Run 1. ;

The amplitude of oscillation shown for this
run has been reduced by a better choice of
the direction cosine computation (DCC) and
base motion isolation (BMI) iteration time.

This is a repeat of Run 3 on a Philco 2000
general purpose computer which has eight more
binary bits of accuracy than the IBM T7090;
thus, the comparison of Runs 3 and L gives an
indication of the.effects of round off errors.

The differences in end points of the various runs can
be explained as a combination of round off and input lag

errors,

The latitude plots are shown in Figure L3 and are
described below:

Run 1:

Run 2:

The large oscillation in this run is ascribed,
as whs longitude, to the large incrementing
time in the PTL,

The oscillation was greatly reduced by reducing
the PTL iteration interval.
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Run 3: The change of the DCC and BMI incrementing
time, noted in the discussion of longitude
errors above, has had two notable effects
on the plot of latitude, First, the oscil-
lation, which for Runs 1 and 2 was due pri-
marily to a term proportional to cosine (kt),
is now constituted mostly of a term propor-
tional to sin (kt); secondly, the slope
error has increased from Run 2 to Run 3.
Both of these occurences are accounted for
by the increased error due to round off in
the .DCC operation corresponding to the
decreased incrementing time of the DCC and
BMI,

Run 4: This run dramatically indicates the round
off effects mentioned in the discussion
above of Run 3; the curve is almost com- .
pletely a‘r?sult of time lag. errors,

The radius plots,as shown in Figure LL, follow direct-
ly from the latitude plots because the variations in U were
small as compared with the E and N errors, i.e., the sine
of latitude equals the quotient of U divided by p (the
radius) hence, the plots of radius can be related to the
latitude plots, though in a nonlinear fashion,

The final portion of the simulation was a serles of
runs which compared the errors in the direction cosine
computations {(DCC) for different numerical integration
techniques, viz,, rectangular, modified Euler, and fourth
order Runge-Kutta. Each run was performed both on the
IBM 7090 and the Phileco 2000 for a comparison of round off
errors, Also for this series of runs a much higher angular
rate was used than that used in Runs 1 through L. The
resultant errors indicated from the fourth order Runge-
Kutta method were almost 1/100 of the errcrs generated by
the rectangular technique (after 84 minutes of running time).
The modified Euler errors fell between these, but no com-
parison is given because it is reasonably certain that this
method could be programmed in a manner which would eliminate
a major portion of the error observed.,
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Summary Knowledge Gained From the Simulation

From information gained via this simulation the
following changes should yield sufficient accuracy from
the computer to perform the required tasks.

1. Let the PTL incrementing time be the same
as in the BMI and equal to two-tenths of
a second.

2, Use a word length of 29 bits or greater.

3. Use Lth order Runge-Kutta as the integration
technique.

The effects of changes (1) and (2) above, are:

(a) Change (1) is the same type of
change as was made from Run 1 to
Run 2.

(b) Change (2) is the same type of change
as was made from Run 3 to Run L.

These changes are improvements of Run 3 results which
affect these results in the manner irdicated above.

The fourth order Runge-Kutta intégration tech-
nique is recommended as assurance of following non-
linear inputs to a much better degree than rectangular
or modified Euler,

Specification for A Digital Computer

This specification defines the requirements of a
digital computer which is required to solve the navigation
equations involved in a stabilized helicopter flight.
Performance
Type

The computer must be designed for real time control,
It must be a general purpose, whole number, stored pro-
gram device capable of high speed operation.
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3.4.5,1.2  Number System

True binary with internal "ones™ or "twos" complement
operation is required,

3.4.5.1.3 Data Word Length

30 bits per word including sign. Fixed point
binary.

3,4.5.1.y Method of Data Processing

Parallel arithmetic operations, internal word
transfer and input-output transfer.

3.4.5.1.5 Operation Times (Typical)
Add and Subtract less than 2l psec.
Multiply less than 150 psec.
Divide less than 200 usec.
3.4.5.1.6  Control
Stored program modifiable by an indexing cycle.

3.4.5.1.7 Desired Instructions

Standard instructicn repetoire with the following
exceptiona:
3.4.5.1.7.1 Sample Switch xx where xx shall specify avail-
ability of input information originated by pilot.
If an "on" state is sensed, the computer will transfer
to & read-in subroutine.

3.4.5.1.7.2 Read external xx where xx shall specify source of
input information (buffer, code wheel,etec.).

3.4.5.1.8 Method of Internal Storage

Parallel input-output coincident current magnetic
core memory or equivalent.

3.4.5.1,9 Memory Capacity

4096 words, 30 bits per word.
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Inputs

The computer program shall be loaded into the memory
via punched tape with automatic correct load verification.

Data tape Inputs shall be read by the computer upon
initiation by the pilot prior to a mission.

Manual data shall be inserted into the computer
from an external buffer register of 30 bits.

Periodic 'data shall enter the computer sequentually
in parallel through an interface package %o be supplied
by HSED,

The computer shall generate a discrete command to
the interface after each read-in to establish the proper
synchronization.

Outputs

Periodic outputs shall be transferred sequentually in
parallel to a set of output buffer registers of 30 bits.

Identification line under control of the program
shall be used to properly route the output information
to its destination.

Status Panel

There shall be performance.indicators, alarm lights,
failure indicators and status indicstors controlled by
navigational results,

Mechanical Requirements

Size shall be limited by the.space available, 5!
high, 2' wide, 2' deep maximim. Weight shall be
500 1lbs. maximum,

Electrical Requirements

Power will be supplied by the helicopierts available
power 400 cps + 20 cps, 3 @ 115/200V. 500 watts maximum.

The regulation shall be # 10%.

3-16k
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Environmental Cendition

The equipment shall be capable of operating in a
temperature range OOF to 1250F,

The equipment shall be capable of withstanding normal
vibration conditions encountered in helicopter flights.
-Shock Mountirg is permitted.

Computer Input - Output Design
Input Data Insertion

There are 17 quantities which must be fed into the
computer during each cycle. They are (in order):

1. Pitch Gyro 10. Doppler #i ,

2. Roll Gyro 11. True Airspesd

3. Yaw Gyro 12. Cruise Velocity

k. X Accelerometer 13. nge (to new Dunk Point)
5. Y Accelerometer 1ly. Bearing (to new

6. Z Accelerometer Dunk Point)

7. Doppler #1 15, E - W Position Fix

8. Doppler #2 16, N - 8 Position Fix

9, Doppler #3 17, Mode - Option

The first 10 quantities are obtained by counting a
pulse train over a given period of time. The resulting

* words represent new information each cycle and are used

periodically in the navigation computations. Quantities
11 - 17 change infrequently, although they are read every
cycle to determine if any change has occurred,

The read in sequence is performed at a particular time

during each cycle, each word being read in turn into the computer

memory until the 17th has been received. The program
then proceeds through the regular computations, using the
input information from the memory when desired.

In addition to the 17 periodic inputs, there is a
separate manual input congole which is used to load 12
initial ccnditions at the start of each mission. These .
inputs are loaded one at a time in a given order so that
no identification is required, Once the inputs have been
loaded, the console is no longer required and the program
does not return to that read-in subroutine. The 12 inital
conditions: are as follows:
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1, 4 - True Helicopter heading aboard ship (DEG).
2. s - Ships velocity (knots).

3. Mg - True ships heading (DEG).

ke Ag =~ Ships latitude. (DEG)

5. Ls - ships Iongitude (DEG).

6, Rp - Range between dunks (N.M.).

7. Ag - Grid latitude (DEG).

8. Lg =~ Grid longitude (DEG).

9. Ep - Dabum Point (N.M.).

10. Np - Datum Point (N.M.).

11. 4 - Arbitrary distance (range-yards).
12, ¥ - Arbitrary Angle (DEG.)

The design of the input equipment has proceeded under
the assumption that the central digital computer possesses
at least a 21 bit parallel input word capability. The
read-in sequence will proceed as follows: When the input
information is ready, an "information ready" signal will
be sent to the computer. At a particular point in the
program, the computer will observe this signal and, if it
is in the affirmative state, then read the contents of the
input register. After the information has been stored, the
computer will send out an "information stored" signal
which will be used to place the next input word into the
computer input register. The order of the inputs will
identify the information and thus no identification words
will be required tc accompany the data into the computer.

Fulse Torque Amplifier Interface

The six pulse torque amplifier counter-buffers are shown
in Drawing B of SK 52212. They are used to obtain a binary
count from the pulse trains eminating from the three gyro
(pitch, roll and yaw) and the three accelerometer (X, Y and
Z) pulse torque amplifiers., Assuming that the cycle time
of the computer (the time between read in cycles) will be
in the order of 200 ms, and that the pulse torquing rate
will be 100 KC, it can be seen that a maximum count of
(100,000) x (.2) = 20,000 can result, This requires a
binary word of 15 bits, which can represent up %o 32,767.

A 15 bit binary counter hds been designed therefore for
each of the 6 pulse trains. At the completion of the
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200 mg. counting period, a pulse is applied to Al9 of

each channel and the contents of the counters at that

time are gated down into a storage register. The

gating pulse is timed so that no torquing pulses will

be arriving at the counter input and thus no counts are
gained or lost during any cycle, Immediately after the
contents are gated from the counters, a reset pulse is applied
to A20, clearing the counters to zero and preparing them

for the first pulse of the next cycle.

The word from the pitch gyro counter (Bl - Bl5) is
gated directly into the computer input register shown in
Drawing E of SK 52212, This can be done since it is
the first word to be read by the computer and need not
be temporarily stored in a separate buffer. All other read-
outs are stored in an adjoining buffer and held until
the "information stored" signal from the computer commands
their gate down into the computer input register.

Doppler Interface

The pulses arriving from the doppler unit, see Draw-
ing C of SK 52212, are separated into two channels, one
for positive and ene for negative velocity. To gain
a usable count, it becomes necessary to obtain the difference
between the sum of the pulses in the positive channel and
the sum of the pulses in the negative channel over a given
period of time. This is accomplished through the use of an
up~down counter .with + zero correction logic. The frequency
of the two channels varies over a range of O - 3000 cps.
With a cycle time of 200 ms., this provides a maximum
count (one chamnel zero cps and the other 3000 cps) of
600. A 10 bit counter will represent up to 1023 in binary
and will be used in this application., Since pulses cannot
#xist in both the positive and negative channel simultaneously,
the two channels are combined and fed into the input of
the counter. A detector F/F senses whetlier the input pulse
is a positive (up count) pulse or s negative (down count)
pulse and controls the count gates accordingly. If the
total number of pulses is positive at the end of a count
cycle, the number (A-J) is gated from the counter into the
buffer to await read-in by the computer. If the number
is negative, it will be represented in the counter as a
JNones complement® and will therefore be gated out of the
opposite side (A-J) in order to obtain the true form.
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HSER 2653

If the count should change polarity during a cycle,
a problem of * zero will result. If, say, the count passes
from + 1 to + 0 and then negative, the next count will be
- 0 which is represented in the counter by all ones. This
condition is sensed by the leogic circuitry and a count is
subtracted at this point to give - 1. A transition from
the minus to plus polarity generates the opposite, the
addition of a pulse, and therefore always maintains the
correct count with no limitation on the number of
polarity changes per cycle.

The four doppler channels shown in Drawing C fo SK 52212
are identical in design, each containing an 11 bit counter
(10 bits and sign) and an associated 11 bit buffer to store
the count until computer read-in.

Manual Inputs Interface

As shown on Drawing D of SK 52212, there are 5 manual
input sources which are thumbwheels with binary coded decimal
outputs, Four of these inputs are on the pilot's control
panel (range, bearing, EW position fix, and NS position
fix) and can be used at any time during the mission while
the fifth is located on the control console (initial
conditions) and is used only at the start of a mission.

Each of the thumbwheel inputs must be converted from

BCD to binary before insertion into the computer. fo

do this, a serial BCD to binary converter, alsoc shown

in Figure D, has been designed, Since conversion time

is not an important factor, the converter has been designed
with simplicity and economy in mind. Whenever an input is
dialed into one of the 5 thumbwheel encoders, an insert
button corresponding to that thumbwheel must be pushed.
This sets one of 5 F/F's, storing the identification of
that input, and also triggers a monostable whose output reads
the BCD thumbwheel contents into a BCD reglster-counter.
This register is a 2l bit BCD down counter.and is accompanied
by an adjoining 20 bit bilnary up counter. Six BCD digits
can accomodate a count up to 999,999 while to accomplish
this magnitude in binary, 20 bits (1,048,575) will be
required, Immediately after the BCD quantity has been
gated inte the counter register, a square wave clock is
gated into both inputs (the input to the binary counter
operates on the opposite phase and thus lags by 1800°)

and the BCD counter begins to count down while the binary
counter counts up. A detector constantly monitors the MSD
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HSER 2653

of the BCD counter and when the couter goes through zero
and reaches "all ones™, the clock is switched off. The
resulting binary number contained by the binary counter is
then gated to one of 5 buffer registers, depending on

the identification F/F states. It should be noted that the
conversion time for a maximum magnitude number of 999,999

with a clock frequency of 200 XC is only S5 seconds, only a

little longer than'it takes for the operator to push the

insert button.

The range, bearing, EW and NS posgition fix binary
quantities are each gated into a separate buffer register,
shown in Drawing D of SK 52212 and stored there for
read~in during each cycle. Any change in contents will
ocour almost instantaneously during gate down from the
converter. Since the computer reads the register each cycle,
read in repetition will prevent any error from occurring
due to number changeover during sampling.. The initial
conditions are gated from the binary counter directly into
the computer input register. This can be done since no
other inputs are occurring at that time and since the
quantities are inserted one at a time by the operator.

Another set of manual inputs make up the Mode-Option
word, This word is a 13 bit discrete character in which
each bit represents a certain condition. Bits one through
four represent the Mode commands - Coarse Erection and
Alignment, Fine Erection and Alignment, Doppler Inertial,
and Self Damping, respectively. Bit 5 represents doppler
lost - not lost and bit 6 indicates the pilot's desire to
"prepare for transition". Bits 7 through 13 account for
the 7 pilot optiong whiech can be chosen during the mission.
The resulting 13 bit word is read during every cycle and
tested to determine if any change has occurred. The 13
bit register used to store this word has been designed so
that when one syitch of the mode or option group is actuated,
all ¥/F's are reset except for the one concerned, which
is set. This allows for an almost instantaneous change
to the new states and prevents ambiguitles which result
from word changes occuring during periodic read in.

Two other quantities, True Airspeed and Cruise Velocity
are shown in Drawing D of SK 52212. Cruise velocity is
commanded by a rotary switch whose shaft is also attached
to a potentiometer, used for analog display. During each
read in cycle, a voltage interrogate pulse (All) is applied
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to the switch and the contents read dirsctly into the
computer input register. True airspeed is measured by

an existing shaft position which is digitized by a

binary shaft encoder. The shaft encoder is read during
each eycle by interrogate pulse AlO and the resulting 8
bit word also fed directly to the computer input register.

Computer Input Register

The computer input register, shown in Drawing E of
SK 52812 contains 20 bits plus sign. This is designed to
accept the largest input available from any source which
in this case happens to be the 20 bit plus sign initial
condition word, The inputs into each F/F vary from a maximum
of 18 at CI ~ 1 %0 & minimum of 1 at D76. Since each
F/F can "or" B-l separate inputs into either the set or
clear side and a gate can handle 10 "or" inputs, the method
shown was selected to provide the large number of inputs
to one point. Since only 9 diodes of a possible 10, and
2 inputs of a possible l4 have been used, room for expansion
up to 4O inputs remains possible. Only 7 of the inputs are
accompanied by a sign and therefore CI 21, the sign bit lo-
cation, contains a 7 diode "or" gate. The outputs of the
21 bit register are fed through level converters which
change the logic levels used in the input-output equip-
ment to those of the central digital computer,

Computer Input Control

The computer input control shown in Drawing A of
SK 52212 is the central control area for all input
operations. Two operating states are possibles the ini-
tial condition mode IC and all others, IC. In the IC
mode, the initial condition word is entered via the thumb-
wheel and the "insert" button is pushed. The BCD to binary
conversion is performed and, upon its completion, a
binary word is gated into the computer input register.
This same gating pulse D91 is fed to the set side of the
"information ready" F/F, telling the computer that data is
waiting to be read in. After the compyter has read and
stored the word, an "information stored" pulse is eent
back to the input control by the computer., This pulse
resets the computer input register with A21 and also clears
the ™info ready" F/F. The cycle again repeats itself
with the next initial condition insertion.
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HSER 2653

.In the normal operating mode IC, pulses from the
computer clock are counted down until a frequency equal
to the cycle frequency is obtained. This provides a
single pulse per computer cycle and is used to provide
the proper gyro, accelerometer and doppler counting
period.

During each cycle, Al8 is first generated, re-
setting the gyro, accelerometer and deppler buffer
registers., Al9 then gates the counter contehts into
the buffer and AZl resets the counter before the
next pulse arrives. Al9 also gates the pitch gyro word
directly to the computer input register and sets the
info ready F/F, telling the computer to begin the read-
in cycle whenever convenient. After the computer rveads
in this first word, the returning "info, stored" pulse
advances a 5 stage counter to position'l and a delayed
pulse enables Al, This gates the roll gyro word
into the computer input register-and the cycle repeats
itself. At the completion  of the~17th read-in, the "info
stored" pulse enables Al7 which resets the “info ready™
F/F and terminates the read-in. The 5 stage counter is
reset by the next cycle pulse and the count begins anew
at position 0.

3.4.6.7 Output Data Transmission-

There are 15 separate data words and eight discretes
which must be fed out of the computer., These are either
displayed, converted to analog and used for control
purposes, or used to turn on or off various functions
within the system. The 15 data words are as followst

1. Ny - Latitude 9. & - Roll

2, ¥ - Longitude 10. D, - Range to Dunk Point

3. Vg’ - Longitudinal Velocity 1T. D, - Bearing to Dunk Point

k. V, - Lateral Velocity - 12, H - Bsaring to Next Fixed Point
5. vz;;- Vertical Velocity 13. H, - Bearing to Next Fixed Point
LR Va - N - S Velocity 1L, Hy- Bearing to Next Fixed Point
‘7. V&'~ E - W Velocity 15. R - Range to Next Dunk Point

8, € - Pitch '
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The eight discretes are as follows:

1. (ON) Turn

2, (OFF) Turn

3. (ON) Dunk Point

ko (OFF) Dunk Point

5. (ON) Final Dunk Point

6. (ON) ©Engage Transition to Hover
7. (ON) Prepare for Takeoff

8. (OFF) Prepare for Transition

A sequence has been assumed for all readoéuts from the
digital computzr and the design of the output section has
been based on this. At the beginmning of a readout cycle,
an identification word will be placed en the ID output
lines, The word will be decoded immediately by a 23 gate
matrix and the resulting output used te select a routing
path for the particular word being identified. The output
data word will then be placed on the cutput lines (if
data is to be read out) and a reset pulse will be generated
by the computer which will reset a register at the
gselected destination. A read pulse generated by the
computer will then gate the data word to the register and
the cycle will be completed. If & discrete signal is to
be read-out, the read pulse will only be used to provide
th2 enabling signal after identification by the ID output
has occurred,

Computer Output Interface

The computer output interface, w shown on Drawing F
of SK 52212, provides a systematic readout of the 28 output
lines of the computer. Five of the 28 lines are used as
an identification word., This word is decoded into 23
separate outputs (CH-1 to CH-23) and the resulting level
used to route an output to a desired location or to provide
a discrete pulse to an on - off device. The 5 bit ID word
can uniquely identify up to 31 outputs and therefore allows
room for expansion in the future. Each of the 5 ID lines
is fed through an input converter which transforms the
logic levels of the computer to those of the output inter-
face, Twenty three of the output lines are for the trans-
fer of data, At the present time, only seven output data
words are routed to a particular location and stored., These
are all 10 bits or below and therefore only these lines are
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modified by input converters. Shown in Figure F are

seven digital to analog converters which are presently

used for control purposes within the system. The ID
decode gates identify one of the seven D/A registers

and two lines, READ and RESET, are used to gate the

data to that selected register. The D/A converter output
is always present and will change from one level to another
immediately upon arrival of an information change.

Future expansion of the readout requiremsnts will likely
include the display of several quantities with bit mag-
nitudes utilizing all 23 output data lines. If decimal
display is desired, a binary to BCD converter will also
be required along with numerous F/F registers to store the
information, Further studies will isolate these quantities
and no attempt has been made for their inclusibn at the
present time,

Computer Program
Introduction

The purpose of this report is to present a computer
program which performs the necessary computations and com-
puter logic, relatea to inertial navigation and flight
path control, and to supply the appropriate command
algnals, thereby, controlling the helicopter flight over
a specified course.

The computer program consists of two general areas,
which are 1) navigational computations and 2) flight path
computations. In order to maintain a sufficient degree of
accuracy the base motion isolation and position tracking
loop calculations will be performed every cycle. The
remaining navigational computations and flight path
computations will be performed every other cycle, on an
alternating basis (see Figure 45)." This method is employed
to reduce the cycle time requirements. FPreliminary cal-

,culations, based on practical computer speeds, indicate

a necessity of a cycle time of approximately 150 ms. A
reduction in cycle time can be obtained by dividing the
computations into additional branches., However, practical
considerations fix the minimum level at approximately

100 ns,
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Navigational Computations (Reference Figure L5)

The navigational computations are based on
utilization of a strapped-down initial navigational
system and consists of four modes of operation, which
are ag follows:

1. Course Erection and Alignment (CE & A) Mode.
2. Fine Erection and Alignment (FE & A) Mode.
3. Doppler-Tnertial (D-I) Mode.

. Self-Damped (S-D) Mode.

The selection of a particular mode is accomplished
by the pilot through use of the mcde selector awitch.

Tnasmuch as the helicopter will only be in the CE & A
Mode while on board ship (or on a land base), the flight
path computations will not be required during this mode,
Therefore, a cycling action can be established with the
CE & A Mode calculations being performed every cycle.
This procedure results in a continuous updating of the
initial direction cosines, for the base motjion isolation
computations, and insures the effective utilization of all
output signals from the acecelerometers and gyros. In
addition, it theoretically allcws the helicopter to re-
main in the CE & A Mode indefinitely, However, because of
a limited computer word length, a maximum time limit will
be realized before the acceleration summation overflows
the computer word, resulting in erroneous data., For
a practical word size, a time limit of approximately 3
minutes will be realized. Hence, the pilot should not re-
main in the CE & A mode for a period exceeding 3 minutes.

For the remaining modes, the flight path computations
are required, Therefore, as stated in paragraph 3.4.7.1,
the computations will be performed on an alternating basis,
The inertial present position quantities will be updated

" every cycle by performing the base motion isolation and

poaition tracking loop computations, Inasmuch as the
remaining navigational computations are primarily concerned
with the conversion of present position information and the
outputting of information that does not require fast
updating, they will be performed every other cycle., While
the navigational computations are being performed, the mode
selector switch will be tested. The appropriate branching
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MANUATL, INPUT
INSERTION
#(10)
VARTABIE
INPUTS
C.E. & A. #(53)
: B.M.T & P.T.L.
CALCULATIONS CALCULATIONS
(80) ,
NAVIG. OUTPUIS & FLIGHT PATH
DOPPLER CALCUIA. PALCUIA, & TESTS

s#Approximate maximum execution time based on the following:

108 ma for MPY and DVP instructions
2hi ms for all other instructions
12 ms additional for indexed instructions

FIGURE 45

5
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will be performed, allowing the program to obtain the
appropriate quantities for the respective mode.

When the program is in the FE & A or D-T Mode, the
application of the doppler velocities will be required,
The doppler velocities will be averaged before they are
utilized to modify the base motion isolation and
position tracking loop quantities., The 30 most recent
values for each velocity component will be retained and
the 25 most recent values will be utilized in averaging
process, This process eliminates utilizationdf the
first 5 values, which may be erroneous. The 25 most recent

values for each present positison velocity component (in earth

fixed coordinates) will also be averaged, The averaged
quantities will bé utilized to perform the computations
pertaining to doppler resolution. The averaging process
will not begin until 30 consecutive values have been
obtained for the doppler velocities. This process
insures that the doppler velocities will be obtained over
approximately a 5 second interval before they are averaged.
If the doppler signal has been lost, the process will be
initialized and 30 new values, for each doppler velocity
component, will have to be obtained before the averaging
process will resume. The process will remain in the
initialized state as long as the doppler signal is lost.

The following methods have been employed to perform
the variocus functions encountered in the navigational
computations. The sine, cosine, arcsine and arctangent
functions are obtained by means of their series expansions.

- However, to limit the execution time to a specific value,
only ten terms of the series expansion have been smployed.
It is felt that sufficient convergence will have resulted
by the tenth term. The Newton-Rhapson approximation has.
been utilized for the square root functions. Here again,
ten terms have been utilized in the computations., To
perform the integrations required by the base motion
isolation and position tracking loop computations, the
Runge-Kutta approximation has been employed. For
programiing illustration, a fourth order approximation has
been utilized for the base motion isolation computations
and a first order approximation has been utilized for the
position tracking loop. The finalized cycle time and com-
puter performancéd will dictate the requirement of first or
fourth order approximation for either or both integration
procedures, The remaining computations are routine
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arithmetic functions and thus do not present any
programming difficulties.

Flight Path Computations

The flight pattern is composed of eight phases as
§1lustrated in Figure /5. TFor the flight to the first
durik point, the flight path will be composed of phases
one, two, three, four, five and six, in that order. For
the flight from dunk point to dunk point, the flight
path will be composed of phases seven, eighi, four, five
and six in that order. A description of each phase is
as follows?

Phase 1 ~ Home on dunk point. The bearing angle will be
tested. When the angle is less than or equal to an ar-
bitrary small angle, the program will enter the next phase.

Phase 2 - Home on dunk point and track to a distance g
(equal to .7 of range from present position to dunk point)
from dunk point. During this phase, the instantaneous
wind components will be summed and the range to g will

be tested. When the range is less than or equal to an
arbritrary distance, the next phase will be entersd., At
the conclusion of phase two, the initial average wind
components and the flight path (transition points) to

the dunk point will be computed,

Phase 3 - Home on and track to first transition point
(es,hg). During this phase, the instantaneous wind
components will be summed and the range to the transition
point will be tested. When the range is lezs than or
equal to an arbitrary small distance, the next phase will
be entered.

Phase L (Flying to first dunk point) - Home on and track to

second tramsition point (ep,np). The range to the transition

point will be tested. Then the range is less than or equal
to an arbitrary small distance, the next phase will be
entered.

Phase La(Flying from dunk point to dunk point) - Home on
and track to second transition point (e, nt). The
instantaneous wind components will be summed and the range
to the transition point will be tested. When the range is
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less than or equal to an arbitrary small distance, the
next phase will be entered.

Phage 5 - Home on dunk point and track to a distance b
(transition distance) from the dunk point. The range to
b will be tested. When the range is less than or equal
to an arbitrary small distance, the next phase is
entered. At the conclusion of phase 5, the pilot will be
advised to engage the transition to hover command.

Phase 6 ~ Home on and track to dunk point. The range

tc the dunk peint will be tested. When the range is less
than or equal to an arbitrary small distsnce, the hoyer
mode will be entered. At the conclusion of phase 6, the
helicopter should be in a hover position.

Phase 7 -~ Home on dnd track to first transition point

{eq, fia). The range to the transition point will be tested.
When the range is less than or equal %o an srbitrary small
distance, the next phase will be  entered.

Phase 8 - Home on second transition pgint (er, nT). The
bearing angle to the transition point will be tested.
When the angle is less than or equal to an arbitrary
small angle, the next phagse will be entered.

During the execution of the flight pattern, the range
and bearing to the next dunk point and.the next fixed peint
will be outputed. When the helicopter encounters a turn
maneuver, a turn indicator will be turned on and will
remain on throughout the turn. When the helicopter enters
a hover position, the ASE commands.and the range and bearing
to the next fixed point will not be outputed, While in

the hover position, the "prepare for transition™ switch will

be tested. When this switch is turned on, the flight path
(transition points) to the next dunk point will be computed
and the pilot will be advised to prepare for takeoff.

The program will then enter phase 7.

The pilot may deviate from the prescribed pattern by
executing one of the pilot option switches. No action
will be taken on the pilot option switches during the
transition regions (phases 6 and 7) or until the initial
wind components have been obtained (after phase 2), If
the pllot exercises an option when the helicopter is in &
hover position, the flight to the new point will be treated
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as a dunk point to dunk point flight with the new point
as the next dunk point. If the pilot exercises an option
when the helicopter is in a cruise mode, the flight to
the new point will be treated as a flight to the first
dunk point with an elimination of phase one and a A
modification of phase two, The modification will result
in phase two becoming a home on dunk. point (the new point)
type of phase with a test of the bearing angle being
conducted. The options available to the pilot are as
follows:

a. He may compute a new pattern based on a new datum
point and then fly te that point.

b, He may fly to a new point and 1) return to the
pattern, 2) compute a new pattern with this
point as the datum pgint, 3) compute a new
pattern with a new point as the datum point
or i) fly to another new point.

¢, He may skip one, two or three.dunk points; as many
times as feasible, within &ny pattern.

The new point selected by the pilot must be at least
5000 yards from his present position. If an incorrect
point is selected while the helicopter is in a hover
position, an impossible flight path (overlapping turn
circles) may be required., For this case, the program
will reject the selected point and continue to fly the
prescribed pattern. If an incorrect point is selected
while the helicopter is in the cruise mode, the flight
path to the point will be computed. However, the
helicopter may be required to meke a 1800 turn and fly
to the transition point, thus encountering the transiton
point at the incorrect angle or home on an impossible
transition point, causing the helicopter to continue flying
a circular pattern.

The first dunk point of the pattern will ke stored in
the computer twice (points A & B). This will insure that
the prescribed pattern is executed. TIf the flight to the
firgt dunk point (point A) results in the accumulation
of an appreclable position error, causing thq helicopter
to miss the first dunk point by an appreciablg amount,
the next dunk point selected, after insertion of a pos-
ition fix, will be the first dunk point (point B) and the
pattern will continue from there, If no appreciable
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position error has been accumulated, the first dunk point
(point B) will be rejected and the pattern will continue
with the second dunk point.

If an impossible flight path, due. to position errors,
is obtained during the dunk point to dunk point computations,
the durk point will be rejected and the .subsequent dunk points
will be chosen., The pattern will continue from this point.

Program Outline

A generalized program outline is contained below. To
supplement this outline, a generalized flow diggram has
been prepared and is contained in Figure 47. The intent
of this outline is to give the reader an over-all picture
of the program flow during the various phases of flight,
Thus, specific detail regarding the computations and the
testing and branching instructions has been avoided,

The following outline is a generalized description
of thg computer program:

1. Fead manual inputs - A read cycle will be established
to read the manual inputs. After insertlien of the
sixteenth input, the program will halt. The
program resumes with depression of the start switeh,

2, Initialize - Initialization is composed of three areas
as folleowse :

a. The initial conditions for Coarse Erection &
Alipnment mode are computed.

b. The initial conditions for starting the program
are established.

¢, The initial conditions preceeding the dunk
pattern computations are established.

3. GCompute and store dunk pattern - After computation of
the dunk pattern, a test is made to determine whether
the pattern was computed in a cruise mode or hover
mode. If computed in a cruise mode, program continues.
If computed in a hover mode, program branches to step 23.

L. Read and store inputs.
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The scale factors and bias terms are applied to the
accelerometer and gyro inputs.

The mode selector switch

The CE & A calculations are performed.
calculations have been completed, the program branches

back to step l.

The Base Motion Isolation (BMI) and Position Tracking

ig tested, If the switch
is in the CE & A mode, program continues, otherwise
the program branches to step 8.

Loop (PTL) calculations are performed,

A test is performed. If navigation output calculations

are desired, program continues. If flight path

calculations are desired, program branches to step 21.

When the

The navigation output calculations are performed.

‘The mode selector switch is tested.

If the switch

is in the Self Démping mode, the program branches to
step 19, otherwide it continues.

The lost doppler switch

is tested., TIf the dopp

ler

signal has been lost the program branches to step
19 otherwise it conbinues.

The doppler velocities are computed and stored in
gsequential stprage locations. The 30 recent

velocities are retained.

A test is performed - If 30 consecutive doppler vel-
ocities hagve been obtained, the program continues,
Otherwise; the count is incremented and the program

branches to step 20.

The 25 recent doppler velocities ars averaged and
the doppler resolution computations are performed.

The mode selector switch is tested.

If the switch is

in the Fine Erection and Alignment (FE & A) mode,

the program continues.

If the switch is in the

Doppler Inertidl (D-I) mode, the program branches

to step 18.
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The damping coefficients for the FE & A mode are obtained

and the program branches back to step L.

The damping coefficients for the D-I mode are ob-
tained and the program branches back to step L.

The doppler count is initialized,

The damping coefficjents for the S-D mode are ob-
tained and the program branches back to step .

A test is performed - If a test of the pileot optien
switch is desired, the program continues. If no test
is desired, the program branches to step 2.

The pilot option switch is tested. The available
options and appropriate branches are as follows?

a. Compute new pattern (executed in a cruise
or hover meds) - The appropriate datum point
18 selected and the program branches back
to step 2C,

h, Skip points or select new point (executed in a
cruige mode). - The appropriate pattern modi-
fications are performed and.the program branches
back to step ki,

c. Continue, no option selected (executed in a cruise
mode) -~ The program branches to step 2k.

d. Skip points, select new point. or continue (executed

in a hover made) - The appropriate pattern modifi-
cations are performed and the program continues.

The flight path (bgsed on the craft being in a hover
mode) to the next dunk point is calculated. The pré-
gram then branches to step 29.

The range and bearing to the next dunk point are
computed and outputed.

A test is performed. If the craft is in a hover mode,

the program branches to step 30, If in a cruise mode,
the program continues.
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- The range and bearing to the next transition point

and the ASE commands are computed and outputed,

The range (or bearing) is tested, If the range
(or bearing) is less than or equal to § ( ord),
the program continues, If it is greater than
d (ory® ), the program branches back to step L.,

A phase test is performed. (Reference Figure L6)
The appropriate branches are as follows:

a, If the program is in phase 1, 3, L, 7 or 8,
preparations for the next phase are performed
and the program branches %o step 29.

b, If the program is in phase 2, the flight path
(based on the craft being in a cruise mode)
to the next dunk point is calculated. The
program prepares for the next phase and branches
to step 29.

c. If thé program is in phase 5, the "engage trans-
ition to hover" indicator is turned on, The"
program prepares for the .next phase and branches
to step 29.

d. If the program is phase 6, a dunk peint indication
is given and the program branches to step 30.

The program enters theinext phase and branches back
to step k.

The "prepare for transition" switch.is tested. If the
switch is off, the program branches back to step k.

If the switch is on, the program prepgres for a
transition to cruisp and branches back to step L.

Flow Diagram

A detailed flow diagram for the computer program is

combined in Drawing SK 52223 and a list of program control
variables appears in Table 10. The box numbers referred
to are those contained in the navigational loop block
diagram, Drawing SK 52200. This flow diagram gives a
detailed description of the actual cdmputer program, there-
fore, it contains all the appropriate testing, branching
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and initializing conditions. To perform the appropriate
tests and to execute the appropriate branches, various
control variables have been utilized and are contained

in the "Program Control Variables™ preceeding Drawing

SK 52223, Inasmuch as the specific coding format for the
program will be dictated by the particular choice of
computer, a detailed computer program has not been
included in the report. However, preliminary programs have
been written, utilizing the symbolic programming language
for the IBM 7090 computer. From these preliminary
programs, it appears that the final program will contain
approximately 3000 instructions and approximately 1000
data storage locations, In programming the arithmetic
computetions, fixed-point arithmetic programming is being
utilized in preference to floating-point arithmetic
programming, because of the faster computer speeds
attainable with the fixed-point method.

TABLE 10

PROGRAM CONTROL VARIABIES

Computer Generator

Variable State Function

J

PO

HP

=1 In Phase one of Flight Path +

= 2 In Phase two of Flight Path

=3 In Phase three of Flight Path

=] In Phase four of Flight Path

=5 In Phase five of Flight Path

=6 In Phase six of Flight Path

=7 In Phase seven of Flight Path

= § In Phase eight of Flight Path

=0 Computation of initial wind components not desired
=] Computation of initial wind components desired
=0 Testing of Pilot Options not desired

=] Testing of Pilot Options desired

= (0 Craft in Cruise mode

=1 Craft in Hover mods
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Table 10 {Cont'd.)

Variable State Function

JH

=0 Test on Range Magnitude desired
=1 Test on Bearing Magnitude desired
= 0 Summation of Instantaneous wind components
not desired ;
=1 Summatisn of Instantaneous wind components !
desired
NX = 0 Initial Dunk Pattern Computed
=1 New Dunk Pattern Computed - In cruise mode
=2 New Dunk Pattern Computed - In hover mode
FpP = 0 Navigation output Calculations desired ;
1 Flight Path calculations desired. |
I Dunk Point Index !
M Total No. of Dunk Points
LM Total No. of Instantaneous Wind Components
summed
DA No. of Doppler Valocities obtained., (When
DA » 30, averaging. of Doppler Velocities
begins).

II. Inputed

The following functions will be contained in a test word,
which will be altered (if so desired) every cycle. Testing

of appropriate function is accomplished by testing appropriate
portion of test word. Initiation of a particuler function is
indicated by a "1" ip the respective bit.

Mode Selector (Only one bit will contain a."1" at a given time)

CE & A mode Bit 1 |

FE & A mode Bit 2 y
D-T  mode Bit 3 |

8-D mode Bit L : |
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Lost Doppler Switch Bit 5
"o® Bit - Doppler Signal Present
"I" Bit - Doppler Signal Lost

Prepare for Transition Switch Bit 6
"ot Bit -~ Switch Off
"L ' Bit - Switch On

Pilot Option Switch (Only one bit will contain a "1" at a

given time)

Continue (¢.P.) Bit 7
Skip one dunk point (s1) Bit 8
Skip two dunk points (82) Bit 9
Skip three dunk points (S3) Bit 10
Select new dunk point (N.D.) Bit 11
Compute new pattern (C.N.P.) Bit 12

t must be borne in mind that this program is of
a preliminary nature. A certain degree of modification
will undoubtedly be required before the program can be
finalized. In addition, changes in the flight path
control requirements will certainly require programming
changes. Finally, changes will be required to fit-the
program to the actual computer utilized. Although this
particular pregram has not been run on a computer, it
is felt that with appropriate change to the input-output
instructions and any necessary modifications, meaningful
results can be obtained.
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General Sys; ems Dex;;i Lgn

Introduction

The detall design in several general areas was
performed including am error analysis, an analysis of GFE
equipment, a power supply design, a sensor trade off study
and the electronics package design,

"The error analysis defines the position error of the
navigation system during the first hour of flight and during
each hour of pure irnertial navigation.

The analysis & Government Furnish Equipment (GFE)
describes the equipment required by the FPC and their poten-
tial interface.

The FPC power supply is described including the
power requirements and a list of commercial and integral
power supplies required for the flight test.

A study is included outlining the feasibility and
practicality of using the strapped down sensors for
stabilization puwrposes, The electronics equipment console
design i described and design layouts are included,

Conclusions

" The position errors in the Flight Path Control maviga-
tion are generally caused by the following:

a., Inertial instruments--gyros, accelerometers
b, Fulse torque amplifier electronics

¢. Incorrect erection and alignment

d, Digital computer errors

An analysis of the errors indicates that a 7.5 nautical

mile (root sum Square) error in position during the

first hour of flight from a moving base will be accumulated.
There will be 2 6,2 nautical mile (RSS) error during each

hour of flight in a pure inertial navigation mode. These
errors result primarily from the gyro drift rate shift. It
was assumed that the tactical operating environment prevented
periodic calibation of the gyros. The gyro drift rate shift

will be portionally compensated during fine erection and /'

alignment by the doppler velocity signal resulting in a
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reduction of the error. As a compariscn an inertial
platform will have a eimlilar position error when periedic
calibration is impractical,

Assuming that the flight test will be performed using
a SH-3A, the government fumished equipment shall be on
AN,APN130, Doppler Radar, a True Airspeed Transducer;
an AN/APN117 Radar Altimeter, a Barometric Altimeter and
several Co-pilot Display Instruments. The FPC power supply
will require the following voltages: ‘

e 100 VDC Q. + 6 Vm
b. 33 VDC £, - 12 VDC
Co 2;4 VIS e = 6 VDG
d. 12 VDC h. 26, 40O cps, 3 @

It will consist of three commercial D. C. supplies, two
HSED D, C. supplies and the LOO cps A. C. supply.

The utilization of the inertial navigation sensors
to provide stability augmentation signals will result in a
cost reduction of approximately $3,000 over a system which
incorparates separate inertirl sensors and stability augmen-~
tation sensors,

A series of standard electronic modules are being used
in the HSED supplied equipment. These modules are physically
large which has necessitated a large electronics package,

The electronice package has been divided into 'six. consoles
and a pilots control panel. The combined weight of thes=e
assemblies is 550 pounds. :

Error Analysis

A detailed error analysis of the sytem was performed
to ‘agsist in establishing component specifications and to
predict the over-all system errors during various modes
of operation. The sources of error in the strapped-down
inertial navigational system proposed by HS may be divided
into five categories. '

1l. Construction errors such as mechanical slignment.

2. Errors in knowledge of precise geodetic information,

3. Errors in mechanization - instrument errars.

L. False information errors -- gravity, erection, alignment.
5. Errors in data handling - computer errors.

—— e L
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Construction Errors and Geodetic Information Errors

In general these errors are quite small and will be
neglected, HS proposes a mechanical alignment method by
use of which appropriate corrections are applied to the
alignment of accelerometer and gyros., The resulting position
error 1ls negligible.

The ellipsoidal model represeﬁted by BgsBp ,E, and the

gravity correction functions F (U, P) and H (U, P) give

a satisfactory account of the variation of the gravity vector
over the surface of the Farth so that the resulting position
and velocity errors may be neglected.

Ingstrument Errors

The major error contributors of the system are the gyro,
accélerometers and pulse torque amplifiers.

Gyro Errors

The linearity of scale factor, threshold and drift
rate are the contribubting factors to gyro errors. Iinearity
errors are negligibly small because HS utilizes the gyros
in a null seeking loop in which the pulse torque amplifier
is continuously torquing the pendulous element to a null
position, Threshold errors are also negligible with the
state-of -the-art gyros.

Drift. errors areavery serious problem in the strapped
down inertial navigational system which is required to
provide navigational information over extended periods of
time.

Drift is caused by erroneous torques acting about the
output axis and causing the spin axis to process according
to the equation :

Q/o ::I:% = T - T
H I 2 Wibe [ 1A0F) 2
¢ Kkewds o (1228)(prx2)

.Wh ®T¢ ¢o  arift rate

MKZ - moment in inertia about the spin axis
-radius of gyration about the spin axis
frequency of the power supply to the motor
number of poles of the rotor, usually 2 or U
terque

angular momentum

r3rg By
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From the above equation of drift, one concludes that angular
momentum "H" must be high in order that drift be minimized.

"To increase H, eigher I or W, or both must be increased.
"IN is made large by utilizing hi%m density material for the
rotor and by bullding the gyro motor inside-cut so that K
becomes large. Ws varies from 12,000 to 24,000 rpm.

The erroneous torques which cause constant drift
originate from many sources as shown below:

A, Non acceleration sensitive

1. Flastic
2. Viscous Coupling

3. Magnetic

L, Non-orthogenality of suspension axis

B, Acceleration Sensitive

1. Mass unbalance

2. Compliances or deflection
3. Temperature

L. Fluid torque

The erroneous torques which cause random drift originate
from the following sources:

l, Friction

2, Ginbal balance instability
3. Instability in elastic coupling - hysteresis
lt. Suspension fluid

Accelerometer Errors

Resolution, scale factor stability, threshold bias
stability and cross coupling are the major causes of acceler-
ometer errors.,

Resolution errors are negligible because HS is using
accelerometer with electromagnetic pick-off which have,
theoretically, infinite resolution.

Pick-off scale factor cause acceleration errors
proportional to the input acceleration.
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Threshold errors appear as constant acceleration errors
hut are effective at all times during system operation.

Cross coupling errors and vibropendulous errors are
very similar, The inktantaneous cross coupling errors
may be largely due to the mechaniem of pulse torquing employed.
Effectively the accelerometer will swing around the null f
point with a frequency of 1 KC.

A1l of the above influences are minimized by the
accelerometer designer. HSED has designed a control to
regulate temperature to within satigfactory limits, ,1°F.

Pulse Torquing Amplifier - FIA Errors

The PTA errors are primarily caused by ?granularity,‘
torquer scale factor stability, non equivalency of positive
and negative pulses and servo errors.

There is one pure integration in the PTA loop and con-
sequently step inputs result in no steady state errors.
For ramp inputs the resulting servo error is proportional
to the input and inversely proportional to the loop gain,
This servo error is very small with the existing high loop
gain of the PTA,

The pulse granularity error exists because the FTA
does not have infinite resolution. The PTA output will
only change in incremental steps controlled by the system
clock. Hence for small input increments no output torque
is indicated.

The torque generated by the FTA is given by

T= K¢ Kpe (p-1) + K¢ (p+h) (Kﬁiﬁﬂ)

where K; Instrument Torquer Scale Factor
Kpc PTA Scale Factor

Kpp Magnitude of Positive Current Pulses
Kpn Magnitude of Negative Curremt Pulses

It can be seen that FTA average output current insta-
bility (variations in Kpc) manifest itself as an error
source, The inequivalency of Kpp and Kpn result in a
bias term being present in the torque output from the FTA,
This inequivalency at present is manifested as an instrument
bias error. These two PTA errors, scalefactor instability
and bias, will be added to instrument errors. ‘
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Erection and Alignment Errors

The desired erection in the strapped-down system
considered is a vertical reference within 20 seconds of
arc from the true vertical, The 20 seconds of arc con-
tributes to position &rror by coupling a portion of the
g vector to the input of the Schuler loop. This results
in 9 position error as a function of flight time. Before
the system is erected to the desired vertical, it must go
through a coarse and then a fine erectlion phase. During
this time a large velocity and position errors are accumu-
lated. Coarse erection (5 minutes) brings the system to
within 2 from the true vertical., During the fine erection
the 2° error is reduced to 20 seconds of arc. The accumulated
position error at the end of fine alignment will contribute
to the system error.

e ———— e e

The desired alignment in this application i1s a north
reference within 7 milliradians from true North. Coarse
slignment brings the system to within 1° from North and
fine alignment will decrease the 1° error to 7 milliradians.
The accumulated position error due to coarse and fine align-
ment will contribute to the system error. '

Position Error Equation

The 1list of position error equations following, will
be used for error computations. There are two equations
derived far each error source. OCne is Schuler tuned and
the other, non-Schuler: The criteria as to which of the
two equations will be used .dependson the time involved.
Generally the non-Schuler will be used when time is small.
(See Figure below)

3 2

MON = SCHULER
ScHVLER

“me n

76 minvtes

4

For large periods of time, the RMS value of the Schuler
equation will be used.
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3.5.3.3.1 ZIrror Equations
Gyro Drift
3
Ax = é é Wd ¢ (Non-Schuler Tuned)

Ax = Wy /?f—we/ﬁzjﬁ_—y” V;f (Schuler-Tuned)

Accel erometer

DX ran'fz
Ax =A,4,g/__§ (1—cosV% ¢)

" Erection
A% =4 306¢%

A% = RAS cos ;‘% ol

Alignment
3
L% =4 g AHE

AxX = [AH /% (R&)g cos x+7§f> svV 9k f}

3.5.3.4 Position Error for One Hour Flight

The position error during one hour of flight will
be computed based on the RMS value of the Schuler equations,

3.5.3.4.1 Assumptions

The following assumptions are made to arrive at a typical
error value.

a., The accelerometer error coefficlent can be calculated
from an assumed average input acceleration of 2 X 10-3g
acting constant for one hour,

b. The accelerometer PTA error coefficient can be calculated
from the strapped down analysis and an acceleration of
2x 10"3g. In addition, the impulse term will be assumed
equal to zero in this calculation. '
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¢, The gyro effective drift rate is constant for one i
hour and equals to ,1°/hour.

d, The gyro FIA error coefficlent can be calculated
from the strapped down analysis and from an assumed
average turning rate of 2°/sec. for one hour. In
addition, the impulse term will be taken as equal
to zerc contribution in this calculation.

e. The vehicle velocity is negligible compared to the
Earth's velocity.

f. The helicopter has a Latitude = O so that RWy cos A= 900
N, M, /hour.

g. The Schuler ecuations can be adequately represented
as follows:

Accelerometer: - - Ax, = ‘y % K/} AA

Gyro: — — — - &xg = WpRT 'l
Erection: — — — Axe = 707 RAE i
Alignment: — — Awxg = JO?AH }/f%— (Réde cosn+V3f) |
where

R =3.5 x 103 N. M,
g - 6-7 X 10h N. Mo/hraz
Wy = 15° /hour

h, The PTA imperfections will be converted to equivalent
accelerometer and gyro errors.

3.5.3.4.2  Position Error Calculation
The position error will be computed as follows:
Ax = Aa,ec "‘APTA +Wpg +C0pra + 6 + H
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where A~x = Position Error

2.

Ce

d.

f.

Error caused by accelerometer
Apra = Error caused by accelerometer FTA

(oe = Error caused by gyro drift
Wem = Error caused by gyro PTA
© = Error caused by Erection
H = Error caused by alignment

Accelerometer contribution - /
Aoce = 12/(54) B Aqee= (1.20) (0521 )(. 312X 107 )(4-16 X10 f%,.)
= 830 feet = [ifrd ##1.]

". Accelerometer PTA contribution

Avra = .21 (K3 ) Ao =(-2)(osth)o75 s )45 10" %)
=[ 0003 NM]|

Gyro Drift Contribution

Wog = (oRE =(173%0 Ry ) (7.45 x10” Nut,) (2 hour)

- (G

Gyro PTA Contribution
Wpra = Alhry RE = (424 X0 Rib) (3.4 510N 4. ((Lhoot)

= |43 MM

;

Erection Contribution 4
@ = .707R46 = (- 707)(3:4:’)(/0'7\/:%,(0" . )

I RS MM I

Alignment Contribution

H = .7074/‘/7’3; (/?&)ewsz'*?fﬁf)=(7o7)(7m'3(227X%}

- af Axo (quron)

The resultant position error is the arithemetic sum.
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Ax = OXaee + Aoyt BHG+ ARGy + X, +8%,,
= (134) +(0003) + (6:1) +(.43) + (:25) +(Joo1)

= |‘7' 92 MM’I o/ur/ig one four f//;/rf

Some of the error sources have & probabllity of occurrence
agsociated with them. Taking the root sum square of the
errors:

20ty = Y (oo} #6004 (&) +(H)

= ')/.0/98 + O+ 37/ + 182 + 063 + )2/

=’)/39.S7 = £.2 NMM.| hoot - Sum - Sguare. error

The root sum square error indicates clearly that the gyro
drift rete is the major error source.

3.5.3.5 Position error during the first hour of flight.
3.5.3,5.1 General

This section sums the position error ditring the first
hour of £light which includes erection and alignment. This
period of 60 minutes is divided into 3 phases of operation
and the error accumulated during each phase is computed.

The CEP of the system starts as soon as the helicopter takes
off, Coarse erection and alignment errors, therefore,
will noct be added to the CEP error.

P, E. Diagram

ime_in miputes
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¢ Error build up due to error in ship S velocity during
 coarse alignment.

1]

¢ . Error build up due to misalignment * 1%, erection of
2

" 1 minute of arc and undamped gyro drift errors Wy = .2°/h.

Error is damped by the 2% doppler input

%-{Wd = ,1°/h, erection = 20" arc, alignment = 7 x 10~2 radians

ﬂ’_,error is due to undamped gyro drift error Wy = .2°/h

The period of time from the instant power is tﬁrned on-
coarse alignment begins - up to 65 minutes latr-»r is divided
intoc 4 phases of operation,

Phase one, begins a t = -5 minutes and ends at t = O.
Thus, 5 minutes are allowed for coarse erection and #&lign=
ment for accuracies of #1° heading and 1 minute of arc
vertical error. TFrror builds up due to ship's velocity
error but will not be included in the system error. System
performance error begins to accumulate at t = O,

Phase two, begins at t = O and ends at t = 2 minutes. At
t = O the helicopter takes off, climbs and levels off,

At t = 3 it will be located approaximately within 1 N. M.
from the point of takeoff, The error builds up due to
misalignment and miserection.

Phase three beglns at t = 2 and ends at t = 32 minutes.
This 1s the period of fine slignment using doppler. At
t = 32 minutes the system will be aligned to 7 milliradians
and erected to 20 seconds of arc. The error during phase
three is due to gyro, accelerometer, miserection, misalign-
ment, and doppler radar.

Phage four, begins at t = 32 .and ends at t = 60 minutes,

During this period the system is operating in pure inertial mode.

The P, E., diagram indicates position error vs. time for
four phases. The error during § 1 will not be included in
the circular error probability (CEP) caleulation.. The one
hour period will consist of phases two, three and four,
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3.5.3.5.2 Phase Two ( ¥ 2) error

The gyro drift rate, misalignment and miserection errors are
considered. All other sources of error are neglected during
this period of only 3 minutes. The values of the significant

parameters are:
A6 = 1 minute arc = 2.9 x 107* radians = 1 N. M.

AH = 1° gystem is slewed to helicopter's compass

N
]

3 minutes

7 = 30 knots = 66 ft/sec. = 9 x 1073 radians/hour
X = 1,5 N, M, during 3 minutes

Wd = .2°/h = 3.3 x 10-3 radi an/hour

(e = ,26 R/nour at the equator

§ =32 ft/sec2 = 6,7 x lOh N. M./hr2

The non~Schuler equations will be used since the time
involved is only 3 minutes.

A = 4 3408 4L gaNt Wecosa+ Ty )+ 4 3N E7

- . -3
= é.?x/p’x 3 x/0 *+ §7 X/ﬂt( :()/6)(-2‘ + "7W+X3'3X/0
2 x(z0)* € %(30)3 ¢ x@o)®

L0113 4 .007 + ,0007 £ |,02] N.M.

W

3.5.3.5.3 FPhase Three I¢ 3) Error

During ¥ 3 a perfect doppler will reduce erection
and alignment errors to 20" of arc and 7 milliradians
respectively. Hence the phase three error will be a function

A')(¢3 = f (49/ Al‘/) CW, Aa-acc ) ADMQDM’&)

of gyrodrift rate, miserection, misalignment, accelerometer
errors and doppler errors. Significant parameters are
listed on the following page.
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A@ = 20" arc = 9.8 x 10_5 radians ‘
AH =T x 1073 radians
Wd = 1%/ = 1,73 x 1073 radi ans/hour including gyro

PTA effect

Ao =6 x 10'6g in‘eluding accelerometer PTA effect

al

= 100 knots = 220 ft/sec.

For A6 and A¥ the Schuler equations (RMS) will be used.
For 4}/ and A non-Schuler equations will be used.

Ax = ,707R88 +.707 ngme *’7})“”+2Lgal(f3+ -an;éz

707 X 3's’x/o3x/o‘*+ 707 X #2287 30°% 7xzo‘3+ fotrxrote 473 v 1402

2x¥
= 246 F 111 + 24485+ 1085/ = (B85 MM,

" 8o far, we have assumed a perfect doppler.
Doppler errors will be introduced and will be converted
to equivalent ’ miserection and misalignment effective
during @ 3. Assume a 2% doppler, then doppler
velocity error during @ 3

Ay, = 01T = [Z0r7]

b8y = .5 (hour) Ay for doppler error frequencies

of 10 radians per hour (Worst case) and 7 = & minutes
erection system time constant -- settling time = 57~

a 30 minutes = fine erection time

A = Sx2=1N M x29x 104 radians/N. M,
® 2,9x 10-k rad.

AHy = 1 hour A%
=2 N, M. x2.9x 107k radians/N. M, = 5.8 x 107k radians
Substituting Aad and AH ¥ into the RMS Schuler expressions:
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AN Yopy, = +797 RAE + 707 ‘V/;, (Ree +7) DH
oPP!
= 738 + /092 = l.53 /V-le

Adding AQ( and A’Xujwto get the total error during @ 3.

A’)C¢3 = 365 +4.83 = II"E MM, l

Phase Four ( @ 4) Error

Phase four is an inertial phase, erection and align-
ment errors will not be included since the RMS value
was used in computing thelr effect during phase three.
During phase three only the time varying driff rate was
used Wy = .1°/h. The reason being that a third ordér
erection slignment system eliminates +the constant drift
effect. During phase four, howsver; doppler is not uszed
and the effective drift includes the constant portion.

Ax =f gy’ + L Aayt
6X%X§ + Rx+

= 4,89 + .a5/ = 194 MM
Total Error Summation

Adding all the error during ¢ 2, ¢ 3, and # ki arithmetically
the position error is

AX = AK¢2 + A“¢3 -+ A'x¢4
e 088 + 468 + ¥ 9¢
= 9,71 N, M, during the first hour of flight

Determining the root-sum-square error

AX = ;/(/./7)4-z + (,26/): +(z,3r); +[/mz&;+(77&;'

V561 = :7.!MM|
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Government Furnished Equipment (GFE)

This section offers a brief description of the equip-
ment to be furnished by the Navy that is essential to the
operation of the Flight Path Control. Existing equipment
onh the SH-34 is planned for use during the flight test
phase.

Doppler Radar Navigation Set, AN/APN-130

‘ The main function of the doppler radar in this system
1s to provide long-term correction to the inertial naviga-
tion system. This is described in greater detail in previ-
ous paragraphs. The velocity outputs of the standard APN-130
set are normally snaleog voltages., These are not needed
since a digital output is required to enter the computer,
Thus, the APN-130-set is modified to by-pass the 3A2 Modulator
Module and the 3A6 Velocity Computer Module and to use the
outputs of the. four 3A1 Converter Modules directly. These
outputs, which are + 20 volt aad -20 volt pulse trains, are
fed directly to the digital doppler interface. This
inter face, described in greater detall in section 3.4.6.3,
obtains a net count of pulses from each doppler channel -
and presents to the camputer four binary numbers, Each
binary number reprssents the velocity of the helicopter in
the direction of one of the four dcppler beams.,

The land sea blas, which previously was added to the
velocity components in the 346 Veloeity computer, now
corrects the velocity components through use of a scale
factor in the digital computer program.

Trve Airspeed Transducer

The True Airspeed Transducer is comprised of a transducer
and a synchrotel transmitter, The unit mechanlcally computes
true airspeed using pitot pressure, statlc presswre, and
bulb temperature. This true airspeed is sent to the digital
computer where it is used in the computation of the wind
veloclity. ‘

Radar Altimeter (APN 117)

The radar’altimeter supplies a signal to the basic
ASE. This portion of the ASE has not been modified and
hence the radar altimeter Flight Path Control Interface
iIs exactly the same as the existing interface in the SH-3A
helicopter.
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Barometric Altimeter

The barometric altimeter supplies a signal to the
bagic ASE which has not been modified in this area. A4s in
the radar altimeter no modification of the barometric
altimeter is required,

Display Instruments

It is necessary, during the test flight, to be able
to view certain important parameters coming from the digital
computer., Some of these parameters may be displayed on
the following existing co-pilot instruments: Beuaring Distance
Heading Irndicsator (BDHI), True Course and Distance Repeater
(TCDR), Ground Speed and Drift Angle Indicator (GSDA),
and Vertical Gyro Indicator (VGI), For the remaining
parameters, it will be necessary to install non-GFE dis-
plays. These non-CFE displays and all computer-display
interfaces are described in a Hamilton Standard proposal
which proposes to supply this equipment for a later phase
of this program, )

BIHI

This instrument will be used to display the range and
bearing t'o the "next durk pcint." The range is in nautical
miles and the bearing is in degrees. The BIHI requires
a three~-phase voltage to drive the bearing pointer and each
of the digits of the range counter.

'?;CDR Indicator

This instrument will display the "next fix point" bearing
in degrees, It also requires a 3-phase voltage to drive
the bearing pointer.

GSDA Indicator

This ins trument displays the ground speed and drift
angle of the helicopter. It receives the drift velocity
and the heading velocity in the form of single phase
voltages and resolves these components into the ground speed
and drift angle.

Vertical Gyro Indicator

_ The VGI will display the helicopter pitch and roll
attitudes. The inputs to this imstrument are two sets of
3 phase voltages, one for pitch and one for roll,
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Flight Path Control Power Supply . i

The FPC System is intended to be operated from the SH-3A

115V, LOO CPS primary supply. This supply is regulated in
accordance with MIL STD 704, The FPC power supply is designed
such that it can draw power from 1, 2 or 3 phases of the
aircraft power to minimize unbalances.

Requirements

The individual power requirements for the equipment operat~
ing from the supply described herein are listed in Table 1l.
The regulati on percentages indicate the allowable variance in
voltage for input variations of * 10%, load variations as
indicated and temperature change from 0°F to +125°F. The
temperature requirement is the strictest of the three
variations. For example, to maintain a voltage within 1%
over the temperature range typically requires a supply
that will regulate to 0.05% at room temperature.

The total power requirements are outlined in Table 12.
The currents listed for each voltage are the total estimated
required power and are not the tetal capacity of the supply.
The current indicated for the +12V and -12V supplies include
about 1 amp each to supply the +6V and -6V regulators.

System Block Diagram

The power supply system chosen for the Flight Test
Model FPC is shown in Pigwre 48. It consists of three
commerclal ‘supplies feeding two HSD built regulators, two
HSD D. C. supplies, one feeding a 0.01% regulator in a
temperature controlled environment, and the 3 @ supply.
It is intended that the final design will cmtain all HSD
built supplies.

There are two conslderations that led to the inclusion
of the cormercial supplies; time and the uncertainty of the
required power. In order to minimize weight and size in the
final design, the actual power required must be known. At
this time we have only estimates of current needed., It is
conceivable that the estimates may be in error up to a
factor of 2. That is, the actual power may be as little
as 1/2 or as much as twice the estimated povwer.

3-212



HSER 2653

SquUaWGI Doy JeMOog [EenpTATPUT

~v 0ol ‘g € " 91 'A GT A92 SIOQ0K
TeayM o1dp
u u %2 LAt ‘1 AcT- 09481183y AG-
u u %2 LA 1 AT+ I03BINISY AG+
u u U M goT n ACT— ,
u at i Mgy Qe AG™
" u " MG T . qe’ AG+
u " u ng ol 6° AT+ quaudpaby
u " u M Qe 1 Afle+ 20BJIajUT
u u " MG* T° AQ + i
n i u MG* H- A9 -
" n u ufeg qi’ AST+
n u ¢1F MZ°g ne: M+ ot Fridury
d~d AWQS *“T "d 0% 492 %27 Mg gL” ACE+ oalag
*SUI AWT *T *d 06-ST ¢10° M 08 N AQOT+ subxoy asTng
u u u r2°1 T A Ax3T00IT0
d-d Eom °T 4 0% ¥52 ¥1F micq (41 AR UMOopunoY
a1ddty uopyeIndey IBMG sdury sqTOoA quaud by
T1 91981

3-213



Total Power Required

HSER 2653

Table 12

Voltage  Current. Reéulation
Volts B 'Amps Per Cent
+100V DG 0.5 & 0.01%
+33V IC 0.184 +2%
+2LV DC 1.h24 1%
+12V IO 2.84 1%
12V IC 15.14 1%

+6V IC 0.254 1%

-6V IC 0.35A +1%
26V, Loow ,3 § 15 VA *1%
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Tn the lower current ranges, the number, size and
total weight of components will not vary significantly
due to changes in required power. However, as an examples
a high current supply designed for an estimated 15 amps
would have to be designed for at 1east 30 amps plus a
safety factor, and it may only have to supply an actual
7.5 amps. In the higher current ranges, such a variation
would cause significant weight and size penalties. I% is
for these reasons that we decided to use wide range, high
capacity commercial supplies and hold off on the design
of the higher current supplies until the actual values
of current are known.

The commercial supplies selected are specified in
Table 13. The HSD designed circuits are shown on
SK52199. These circuits will be fabricated by HSED
and contained in ome 5% high module in a standard 19
“relgy " rack panel.

Cost Reduction Trade Off Study
Purpose

The purpose of this study is to determine the feasi-
bility and practicality of using the Inertial Navigation
System sensors to replace the existing ASE accelerometers,
gyros and tilt table.

Existing SH-3A ASE

. In the present system there are two accelerometers,
two vertical gyros, a tilt table and a yaw rate gyro.
The accelerometers are used as a source of negative
feedback in the ASE coupler; there is a pitch and a
roll accelerometer, The two vertical gyros are used
to operate the pilot's and co-pilot's V.G.I,, (Vertical
Gyrd Indicator). The output of either gyro is used
in the ASE for attitude position and attitude derived
rate signals. The yaw rate gyro is used in the ASE for
rate damping, The tilt table is used to inject a test
input into the ASE,

Flight Path Control. Sensor Replacements

The two accelerometers can be replaced by two of the
acceleromters in the Strapped-Uown Inertial System.
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v .d.

Tahle 13
18 X Number Mfr's, Nurber Voltage Current
18X58116L-1 TP 24-20 23-25 VIC 0-24
"2 - 2(TP 12-25) 11-13 V 0-5A
"3 IE 106 Mod. 0-12 V 0-16A

a. ILire Regulation: 0,05% maximum or 8 mv maximum for input variations
of 105-125 VAC,
b, Load Regulation: 0,05% maximum or 8 mv maximum for 0 to full load
¢. Ripple + Noise: 0.5 mv RMS maximum
Temperature Coefficient: 0,015% 1°C maximum
e. A.C, input 105-125 VAC LOO cps
f. Operating Temperatwe O0- 50°C ambient
g. Size and Weight:
Model - Maximum Size Maximum Weight
i H W D
TP 24-20 L on ™ 9 1lbs.
- 2(TP12-25) h; o* 7¢ 1 18 lbs.
LE166-Mod, 57" 19" 16§, 75 1bs.
h, Items '} and 2 may be pwchased from AC DC electronies Inc, 2979
No, Ontarlo St, Burbank, California -
Item 3 from Lambda Electronics Corp., 515 Broad Hollow Road,
Huntington, L. I., New York
i, Ttem 3 will be modified to provide 16 amps at 12 volts from its’

normal rating of 0-18V, 0-15A by the memfacturer.
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The current waveform which is feeding back a
restraining force, in the accelerometer, can be
‘filtered to DC and modulated at LOO cycles per second
and used in the ASE.

The pitch and roll can be generated by performing a
digital to malog conversion on the digital outputs of the
system for roll, pitch and yaw rate signals, the inertial
gyro PTA current waveform can be filtered. The output of
the filters would be DC which can be modulated to a LOO
cycle signal and fed into the ASE in place of the yaw rate
gyro and derived rate signals.

- In order to incérporate a gravity component correction for
the accelercmeters, an out-of-phase signal to cancel the
output of the accelerometer D to A converters can be generated
as a function of aircraft attitude. These signals can be
obtained from the D to A converters which are used to generate
the pitch and roll angle. These angle signals are a linear
approximaticn of the gravity signal and will be only 3%

in error at a 30° displacement.

In the existing ASE tlere is a %ilt table which can be
replaced by a test function to be built into the flight con-
trol system, This function test will replace the existing ASE
qre-«f]'_ight. test with & sugmented version, It will still be
necessary to retain one of the vertical gyros for a "back up" on
the proposed system. Since there is no redundancy on the yaw
rate gyro and the two accelerometers in the present ASE system,
the proposed use of the Inertial Navigation System sensor should
not appreciably reduce the system reliability. However, the
yaw rate gyro will be retained for basic ASE reliability.

Cost Summary

The proposed utilization of the navigation system
components will resuit in a reduction in cost of sensars
with no sacrifice in system performamnce over a system which
contains both inertial sensors and stabilization sensors.
The cost trade-off is shown below:

Present System | Proposed System
2 accelerometers  $1,300 2 D/A Converters $500
1 vertical gyro 1,800
1 tilt table 300 | .
Total 33,500 Total . $500
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The cost of the modulator circuits are negligible
as isthe derived rate network cost, Therefore, a cost
reduction of $2,900 per FPC system can be achieved when
the inertial instruments are used for stability augmenta-
tion.

Electronics Packaging
Detail Design (Reference 18X50802, 18X590810, 18X590815)

Due to the weight and the volume of control, computer,

. display, and power supply electronics required for the

system, the electronics package is designed into small
groups for versatility and for optimum weight distribu-
tion. Separate cabinets were therefore designed for the
power supplies and controls and for the sensor and computer
input interfaces.

These two cabinets are nearly identical and are made
from "Bud Inlock" standard extrusions and connectors
which are riveted together to form a strong rigid
framework capable of absorbing the stresses and deflections
within specifications without depending upon the skin
for support. Shelves made from strucutral angles add to the
rigidity of the cabinet and provide a sliding surface for
each drawer. The mounting feet are an integral part of
this structwe and are capable of withstanding the shock
crash loading without rupture. Four 3/8" mounting studs
are to be used to mount each cabinet to the airframe
structure. Fach of the two cabirets occupies slightly
over five cubic feet and together they weigh around
S50 pounds.

Pulse Torque Amplifier Circuitry

Seversal critical electronic components in the
sensor amplifier are anticipated to require as rigid a
temperature control as does the inertial package itself
0.1°F, The balance of the pulse-torque amplifier circuit
must .be held to 5°F,

To achieve this temper atwe control, a drawer of
one of the cabinets will be insulated and enclosed.
This drawer, known as the "oven", will be maintained
at 140° + 5°F and will exude i‘bs thermal flux to the
ambient surrounding the cabinet and to the airframe.

3-220
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A single "on-off" type thermoswitch will actuate

a heater to maintain thies temperatwe range. At the maxirmum
operating ambient temperature within the cabin (100°F)

a thermal balance is maintained between the "oven!
component.“a and the ambient, with the heater never being
required, At the low ambient operating température

(4O°F), the heater will be "on" nearly constantly

in maintaining the desired temperature.

Secured to the oven will be six constant-temperature
blocks containing the critical circuit elements. Each
block, representing a specific sensor, will be temperatire
cemtrolled by a bridge clrcuit to £ 0.1°F, which
will offer proportional heater control from "off"to the
full heater power of ten watts. These components will
be held at 1L5°F,

Digital ILogic

Four separate racks are required to house the digital
logic, each weighing around seventy pounds and occupying
1.8 cubic feet. The small size of these racks w111 facili-
tate thelr placement within the vehicle,

Each rack is constructed to withstand the vibration
and shock loads requiréd, It has a light-weight struwcture
into which are stacked li6 "mother-boards". These boards
add to the rigidity of the assemddy, since they are in
sliding contact with each other., Since each "mother-board"
has a capacity of ten 2" x 2" flip-flop boards, the total
capacity of each rack is 60 flip-flops. Each mother-board
fits into an electrical comnector and is screwed securely
into place. A dust cover encloses the entire rack,

Pilots Control Panel (Reference 18X590801)

A preliminaery pilots panel layout has been included
to show the basic FPC controls. This panel will be
constructed as a breadboard, and will not contain
lighting, nor etched lettering. The panel layout may
be revised at a later date to insure compatibility with
the SH-3A cockpit layout.g
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LIST OF CONFERENQES

The following iz & list of meetings and cenferences held
during the design program:

1. Naval Aviation Fecility at Indianapolis, Indiana -
August 6, 1962
Mr. Richard Wisehart (NAFI)
Mr. Arpad Ostheimer (HSED)
The purpose of this meeting was to explore further the
erection and aligmnment problems encountered on an aircraft
carrier.

2. Nsaval Alr Development Center, Johnsville, Pa.
August 20, 1962
"Lt. Cmdr. J. Waldron (NADC)
Mr. R. Bell (NADC)
Mr. A. Allen (NADC)
Mr. G. Davis (NADC)
The purpose of this meeting was to obtain information on
ASW tactics and discuss erection and alignment techniques
on a moving base.

3. Naval Ordnance Test Station, China Lake, California
September 13, 1962
Mr. R. Cole {(NOTS)
Mr. R. Seely (NOTS)
Mr. W. Roehrs (NOTS)
Mr. D. Shefrin (HSED
The purpcse of this visit was to discuss the erection and
aligmment of platform and strapped down systems.

. Sikorsky Aircraft.Division of U.A.C., Stratford, Conn.
September 18, 1962
Mr. R. Stutz (SA)
Mr. L. Freeman (SA)
Mr. J. Corso {S&)
Mr. H. Monterose (HSED)
The purpose of this meeting was to obtain information on
the generation of a flight path based on Sikorsky's pre-
vious experience.
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Bell Aerosystems Company, Buffalo, New York

September 19, 1962

Mr. F. Powell (Bell)

Mr. T. O'Brien (HSED)

Mr. D. Brown (HSED)

This visit was made to obtain dsta on aircraft carrier
motion specifically the power spectral density in roll,
pitch and translational accelerations,

Sikorsky Alrcraft Pivision of U.A.C., Stratford, Conn.
September 21, 1962

Various perscnnel of Sikorsky Aircraft

Mr. H. Monterocse

This trip was made to obtain data on existing navigational
equipment on the SH-3A, specifically AN/APN130, AN/ASA13A,
AN/ARN21B, AN/APN117 and the AQS/10.

Bureau of Naval Weapons, Washington, D.C.

October 8, 1962

Mr. G. Tsaparas (BuWeps)

Mr. R. Russ (HSED)

Mr. T. O'Brien (HSED)

This meeting was held to review progress to date on the
FPC program.

Hamilton Standard Division, U.A.C., BroadBrook, Conn.
October 29 and 30, 1962

Mr. G. Tsaparas (BuWeps)

Mr. H. Welk (NADC)

HSED Froject Engineering and Sales :

A meeting was held to review progress to date on the FPC.

Naval Ordnance Test Station, China Lake, California
November 8§, 1962

Mr. R. Cole (NOTS)

Mr. R. Seely (NOTS)

Mr. D. Brown (HSED)

This discussion was concerned with the overall erection
and alignment of the FPC inertial system and the pre-
liminary system block diagram was reviewed.
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Sikorsky Aircraft Dividion, V.A.C., Stratford, Conn.
November 16, 1962

Mr. H, Oakes {8&)

Mr. T. Mesks (S4)

Mr. S. Opie (SA)

Mr. T. O'Brien (HSED)

Mr. A. Ostheimer (HSED)

The purpose of this visit was Yo obtain information on the
SH-3A flight characteristics in order to initiate a suit-
able design of the sutopilot.

Bureau of Naval Weapons, Washington, D. C.

November 19, 1962

Mr. C. Schaeffer (BuWeps)

Mr. T. O'Brien (HSED)

This conference was held to discuss the basic operational
techiniques and problems associated with the ASW problem.

Buresu of Naval Weapens, Washington, D. C.

December 11, 1962

Mr. G. Tsaparas

Mr. T. O'Srien (HSED)

Mr. J. Gorman (HSED)

This visit was made to appraise BuWeps of the latest
progress on the FPC.

Sikorsky Aircraft Division of U.A.C., Stratford, Conn.
December 28, 1962

Mr. T. Meeks (SA)

¥Mr. T. O'Brien (HSED)

A proposed text of a work statement was reviewed for a
subcontract to SA.

Bureau of Naval Weapons, Washington, D. C.

Jarmary 28, 1963

Mr. G. Tsaparas (BuWeps)

Mr. C. Brahm (HSED)

Mr. J. Bambling (HSED)

Mr. J. Shaubaugh (HSD Washington Office)

Mr. T. O'Brien (HSED)

This visit was made to review the progress to date and to
discuss the future progrsm content.
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Sikorsky Aircraft Division, U.A.C., Stratford, Conn.
February 12, 1963

Hr. T. Meseks

Mr. T. O'Brien

This visit was made to discuss progress on the S.A. sub-
contract.

Sikorsky Aircraft Division, U.A.C., Stratford, Conn.
March 1, 1963
Mr. T. Meeks
Mr. T. O'Brien )
This meeting was held to review the conclusions of the SA
design study.

Bureau of Naval Weapons, Washington, D. C.

March 1L, 1963

Mr., G. Tsaparas

Mr. J. Shaubaugh (HSD Washington Office)

Mr. T. ('Brien (HSED)

This meeting was held to discuss the program progress to
date. .
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5.0 APPENDIX
5.1 Flight Path
5.1.1 Derivation of Flight Path Equations
Dunk Point - To ~ Dunk Point
WIND:
ts
> X

@ o Yo-a+b
z ' 2

®@ %o-to , Yo+b
@ xr, g
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CASE I

Finding (XT R YT)‘ reduces to solving the right triangle
formed by the line of centers of the turn circles, the common
tangent which crosses the line of centers at point 1, and the
radius to the point of tangency (Xp, Yq).

Points 1 and 2 and distances 1,2 and 2,3 are known; there-
fere point 3 may be located, and (XT, YT) may be specified as
in Sect. 3.3.5.2.

CASE II

Figute I,5,6,7 18 a rectangle; points L and 7 are known
as well a8 the letigth of all four sides. The rectangle is
solved for point 6 = (X, YT).

Base - To - First Durk Point

’(Z>01°19°)
® =7 | N
/ \,;: _“_E®

WIND ] @
N0 (#1
(”‘T;ST} @ (xs,4s)
./

CASEL

€¢,n)
CASE I 3

The length of the sides of right triangle 1,2,3 are
known, as well as the location of point 1. Polnt 2 is found
from the distance, b, and the direction of the wind. The
triangle is solved for the location of point 3. Figure 3,L,5,6
is a rectangle, hence finding a solution for point 3 leads
directly to point 6 = (XT’ YT) and point 7 « (Xs, Ys).

5.2
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. @ («D; ‘4"‘)
x
(ﬁh}%r) 4 ‘A ‘W<:)\
|
oyaa e
Ase T \ o ,/ (©(1s,45)
/ ’
WIND
CASE IT

As in case 1, the right triangle 1,2,3 is solved for
point 3. From knowledge of the distance 3,L and the X
component of point L, it is possible to solve the right
triangle 3,l;,5 for points L and 5, and this leads tc a
solution for point 6 « (Xs, Us). By averageing the X and Y
components of points 3 and L, point 7 = (Xp, Yqp) is deter-
mined,

Flight Path Errors

The following is a derivation of the flight path error
expression, A'imx.: presented in Sec. 3.3.6.1.5
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A2ax®e Y:2 - b2 + 702 + (r-r0)? + (r$)2 - 2 (r-ro)(ro cos ¥ + b siny)
-2rg (bcosY-rysin §) '

For the case when ¢ is small we can eliminate all terms in g{ {(r- ro)2
and (r-ro}#. (Section 3.3.6. l 5 made the ‘assumption that r9ro as § o. )

Thus, ngb? + ro? . 2(r-ro) (rcos Yy + b sin ¥) - 2rg (b cos ¢ - ro sin (f)’
and, X~ % ro - 2 ro (r-ro) cos Y + 2 rory sin

Therefore,
A3 ["" (rre)Cost +rpsiN *}J [../4‘ (bR 2= ) (s os 4 ) -27 (B CoS§m P.smq_'l
C Vo2 (rr) B SNY —2 - LeCas §
Ar+ 1 -2(r-1)(¥; cos p+ SN P) = 2F@(4-cos =1 SV #)

Under the agsomperon of Secrien 3.3.6./:5 ¥o gee the Ac‘wd,a‘r)
Vélve of A S weler * -G, :
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For the case when dissmall (<18°):

- rbv;s Emﬁsm YX(| —'4){%1103“}’ q—%zsin"f’}) ~(1- 43%— cos V?]

A§ & Sin |
S 2 8(E cos¥ = s V)]

. sin” | bwsmwwbi). 1
l_b n,L[H'Z.#’ ——cos“‘}’ Sth)JJ

This expressionhas a maximum value when sin¥=/, and

o 2
. rb [
Af = sin | b e(t+gr) |- sm%‘f"?‘)
max e (1-29)

and for small valves o‘F ¢:

A §max ~ ‘P_EL
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